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MODEL 410- THE SYSTEM AND

ITS OPERATION

.4 BRIEF DESCRIPTION _

Model 410 is the spacecraft system recommended by Martin for the

Apollo mission. Its design satisfies the guidelines stated in NASA RFP-302,

as well as a more detailed set of guidelines developed by Martin during the

Apollo design feasibility study.

We conceive the ultimate Apollo mission to be a manned journey to the

hmar surface, arrived at by the preliminary steps of earth orbit, circumlunar

and lunar orbit flights. Operational procedures proved out in the early steps

will be carried over into the advanced steps, thus establishing a high level of

confidence in the success of the lunar flights. With the recommended system,

manned lunar orbit missions can be made as early as 1966.

Operational Features

For a circumlunar flight when the moon is at its most southerly declina-

tion (Fig. p-l) the launch operation proceeds southeast from Cape Canaveral

and down the Atlantic Missile Range. The Saturn C-2 third stage shuts down

when orbital velocity is reached at an altitude of 650,000 feet. What follows is

a coasting orbit passing over the southern tip of Africa, the Indian Ocean and

up the Pacific Missile Range. In this interval the crew checks out all onboard

equipment, which has just passed through the accelerations, noise and vibra-

tion of the boost phase. If the pilot-commander is satisfied that all systems are

working properly, the third stage is restarted and the spacecraft is injected at

parabolic velocity northwest of Hawaii. If the pilot-commander is dissatisfied

with the condition of the vehicle or crew, he separates from the Saturn S-IV,

starts the mission abort engine, re-enters at the point shown in Fig. p-1 and lands

at Edwards AFB.

Continuing translunar flight from the point of injection, the trajectory

trace swings down over the Caribbean and then west over South America. This

particular trajectory passes within 240 naut mi of the moon, then turns back

for a direct re-entry some six days after launch. Re-entry occurs southwest of

Hawaii some 3300 naut mi from the Edwards AFB landing site.

Tracking. The range coverage provided by present and planned facilities

is shown in Fig. p-1 for this trajectory and for a second return trace repre-

senting the case when the moon is at the most northerly declination. This

second trajectory establishes the 10000-naut mi re-entry range requirement

for Apollo to meet the guidelines of operation on every day of the lunar month

and of operation into a single landing site.

*For more complete descriptions, see ER 12000 or ER 12001.



Abort. During the critical launch and checkout phase, abort will be pos-

sible at any time : at the crew's discretion, automatically or by ground com-

mand. Up to nine minutes after launch (from Canaveral), the abort landing

is restricted to the AMR for a circumlunar flight. Beyond this point the pilot

has the option of continuing to any point along the AMR, PMR or into Ed-

wards AFB through the use of the mission abort propulsion system and the
inherent downrange maneuverability of the Model-410.

The Selected Spacecraft

The Apollo space vehicle (Model 410 spacecraft plus launching vehicle)

is shown in Fig. p-2. The spacecraft--that portion of the space vehicle which

makes the flight to the moon--consists of these three modules:

(1) Command module, housing the three crew members during all thrust-

ing periods, e.g., launch from earth, any corrections to the flight path

during flight in space, during re-entry and, ultimately, during landing

and launch from the moon. It is the operating center from which all

control of the flight is made.

(2) Propulsion and equipment module, containing all the propulsion

units which operate between the point of final booster separation and

re-entry after the lunar flight. It is separated from the command

module at 200 naut mi from the earth on the return trip. It is de-

signed with tankage for lunar takeoff and will be offloaded for less
ambitious missions.

(3) Mission module--contained within the outer frame of the propulsion

and equipment module--providing space during the lunar voyage

for scientific observations and crew living functions.

Command Module

With its lifting capability, the Apollo command module represents a step

forward in technology over ballistic vehicles, Mercury and (to the best

of our knowledge the Boct6k (Vostok). The lift results from the capsule's

shape--a blunted cone flattened on the top (see Fig. p-3).

Heating and radiation protection. The Model 410 is shaped conservative-

ly for aerodynamic heating in addition to its relatively high L/D (0.77). By
accepting the large convective heat load of a nose radius smaller than that of

the Mercury type, the Model 410 shape tends to minimize radiative heat trans-

fer which is less well understood and harder to protect against. The thermal

protection system provides excellent protection for the crew from the large

aerodynamic heat loads, from space radiation (including solar flares) and
from meteorites.

The normal mission radiation dose will not exceed the five rem limit de-

fined by NASA. If the crew should encounter a solar event as severe as that

following the May 10, 1959 flare, they would receive a dose of only 67 rem--

well within the 100 rem dose limit set by Martin as tolerable during an emer-

gency.
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Thermal protection for re-entry is provided bv a composite shield of deep

charring ablator (nylon phenolic) bonded to superalloy honeycomb panels

which are set off and insulated from the water-cooled pressure shell. The con-
trol flaps are protected from the high initial heat rate by an ablator bonded

directly to the flap. The long-time, lower heating rates are handled bv re-radia-

tion from the backside. The aft bulkhead is protected by a fiberglas phenolic

honeycomb panel with a foamed polyurethane insulation.

Crew provisions. The crew has access to all electronic and electrical equip-

merit in the command module for maintenance and replacement. Both pilots

lrave two-axis sidestick and foot controllers as well as a manual guidance mode

used with the computers inoperative for deep space and re-entry operations.

Cabin pressure is maintained at the equivalent of 5000 feet altitude ("shirt

sleeve" environment). Protective suiting is donned only for launching and

landing, but need not be inflated except in emergency.

Guidance. The guidance system consists of both automatic and manual

star tracking equipment, as well as two inertial platforms and two general pur-

nose digital computers. Twn windows, with ablative heat shield cevers, are

provided for use with tracking instruments.

Flight control. Pitch and yaw attitude control within the atmosphere is

provided by flaps driven by hot gas servos. Outside the atmosphere dual reac-

tion controls are used. Roll is controlled at all times by a dual reaction system.

Communications. Communications equipment includes a K.. band for re-

entry, a C-band for the pre-reentry and both HF and VHF rescue beacons for

landing and recovery.

Landing system. The landing system consists of a steerable parachute, retro-

rocket combination, enabling the M-410 to avoid local obstacles, trim out wind

drift and reduce sinking speed to a nominal three feet per second--low enough

for safe landing on any kind of terrain or in very rough seas. In the event of

retrorocket failure, accelerations on the crew will not exceed 20 G.

Launch escape propulsion system (LEPS). LEPS is a thrust-vector-con-

trolled, solid rocket system which separates the command module from the

rest of the space vehicle in the event of an emergency during launch pad oper-

ations or during boost through the atmosphere. In an off-the-pad abort, it

lifts the command module to an altitude of more than 4000 feet. During a

normal boost trajectory, LEPS is jettisoned at 300,000 feet.

Propulsion and Equipment Module

The propulsion and equipment module (shown in Fig. p--3) contains

propulsion devices and equipment which are not necessary for re-entry. Its
outer skin serves both as a load carrying structure and as a meteorite shield

for the propellant tanks, mission module and other equipment.

Propulsion devices. The mission engine, used for trajectory correction

and abort, is a high preformance, modified LR-115 (Pratt & Whitney), de-

veloping 15,600 pounds of thrust. A total of 10,450 pounds of liquid hydrogen

and liquid oxygen propellants may be carried, sufficient for lunar takeoff.
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Four vernierengines,with 300poundsof thrusteach,areusedfor mid-
coursecorrection,ullageimpulseto settlethe missionenginepropellantsand
for thrustvectorcontrolduringoperationof the missionengine.In addition
therearetwosetsof sixcontroljetswhichprovide30poundsof thrustfor roll,
pitchandyawcontrol.

Power sources. Spacecraft equipment is powered by fuel cells (2 kw)

which under normal conditions, use the boiloff from the mission propulsion

system. A supply of independent reactants is provided for emergencies. Battery

power is used during re-entry.

Communications. Four large antennas fold out to provide S-band com-
munications and X-band radar altimeter information. VHF communications

gear is also provided.

Mission Module

The mission module provides 400 cubic feet of living space during the

lunar voyage. It serves as a midcourse work-rest area, providing freedom of

movement and privacy. For operations on the lunar surface it will be a base

of scientific investigations, and will serve as an airlock. The same "shirt sleeve"

environment at 12.2 psi is maintained as in the command module.

The mission module provides the space and flexibility required for effective

lunar reconnaissance and scientific experimentation. An Eastman-Kodak

camera-telescope has been selected, for example, which has one-meter resolu-
tion at lunar orbit altitude of 50 naut mi.

MODEL 410 WEIGHT SUMMARY

LUNAR
MISSION

COMMAND MODULE

PROPULSION AND

EQUIPMENT MODULE

LAUNCH ESCAPE

PROPULSION SYSTEM

ADAPTER

EFFECTIVE LAUNCH

WEIGHT

CIRCUMLUNAR ORBIT

6954 6954

LUNAR

TAKEOFF

6954

7372 13,192 15,618

185 185 0

489 489 0

15,000 20,820 22,572
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SUMMARY

|

This report concerns man in the system. A brief analysis of known human
capabilities is presented in three general areas: information processing, de-
cision-making and control and tracking. It was concluded after performing this
analysis that the major factors in the utilization of these human capabilities
were providing adequate information to the crew and providing adequate modes
of crew response.

The next set of analyses presented concern_ the tasks and functions of the
crew within the Apollo while two methods of analysis were performed, a se-

quential activities analysis and a time llne task analysis. The results of these
studies indicated the involvement and role of man within the system. Of par-
ticular importance was an inflight systems checkout procedure which would
allow a decision to be made by the crew to continue to the next mission phase
or to abort, dependent on the status of the system. A workload analysis was
also performed, demonstrating the need for a three-man crew.

Based on the analysis of crew functions in the system, man's contributions
to the system were quantitatively examined. Man contributes to the system in
terms of increasing reliability, maintenance, mission effectiveness and as an
emergency source of power.

The last chapter presents the spacecraft description. This included a
complete description of the displays and controls, crew stations and an analysis
of communication links within the system. The display system presented is
compatible with the information needed by the crew to perform their assigned
functions.

This report , then, presents the functional integration of the crew into
the Apollo system. The spacecraft design and arrangement appears adequate
for sustaining the crew and for allowing the crew to perform for a 14-day mis-
sion in terms of crew tasks and functions.

D
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I. INTRODUCTION AND CRITICAL PROBLEMS

The studies reported here concern the integration of men within the Apollo

system. Consideration has been given to men's role with the entire system.
Our basic approach at the onset of the study was predicated on three questions.
First, what are the design requirements for life support of the man in the sys-
tem? Second, what are the tasks and functions which the crew of this system

must perform? Third, what are the research programs and studies which
must be performed to make this system feasible ? Each of these questions
has been answered in detail by analytical and empirical studies. The results
of these studies have shown that man and his support are not the limiting fac-

tors in the feasibility of the Apollo system. Although there are problems and
unanswerable questions concerning man in the system, research and study are
either underway or planned to provide the required data. Research which is
not underway at present can be immediately started because the techniques re-

quired are available.

Two physiological stress problems received considerable attention during

this study. They were weightlessness and radiation. These problems were
considered of utmost importance because they influence the total design of the

system and its weight. They also could compromise the effectiveness of the
crew. The results of these studies using the available data and analytical

techniques have suggested these stresses can be handled within the system
requirements of Apollo.

Another question which we were concerned with was the Justification of crew
size and function. We conducted numerous analyses concerned with crew

function, crew workload, and the division of crew duties within the Apollo

system. Based on these analyses and consideration of the best work rest cy-
cles for a hypothesized 14--day mission, we believe a three-man crew can be

Justified. Once the size of the crew and their functions had been determined
the requirements for the design of a display and control system were under-
taken. A further design requirement of the display and control system was

its incorporation into the operational concept of the system. The display and
control system presented in this report is compatible with the crew require-
ments for information and control response, with the operational concept of

the system and with the design of the spacecraft.

An investigation of which ........ _- ,_.... 1.... "_÷programs ,qhnuld be.L'_:_.t.-_J.L a,.L"Id _.., ,, _,..VjL,,-.,-,.v .............

conducted prior to and during Apono missions yielded interesting results.
Dependent upon the time span of the Apollo program, enough information
could be obtained from already planned studies and early Apollo missions to

substantiate the design of the system for human occupancy for a lunar landing
in 1967. A great deal of effort was expended in a related direction; the mis-
si.on of the Apollo system. This included consideration of biological and be-

havioral experimental orbital missions and the scientific mission during lunar
orbit and the ultimate landing. The total results of these studies will be dis-
cussed in some detail.
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In the course of conducting these studies, we found that man's contribution
to the Apollo system could be quantified. Since we were initially concerned
with a manned vehicle, our approach was not to justify man but merely to use

him as efficiently as possible. This efficient use of the crew showed contri-
butions to the system in a number of vital areas. These will be discussed in
detail.

Certain problems were also amendable to experimental analysis during the
study period. The studies conducted in this area were concerned with man's
ability to perform the tasks required for the mission. These tasks were
maintenance, decision making, visual detection, landing, midcourse correc-
tions and rendezvous. We also investigated the stability of the operator's
performance as a function of work time. Each of these studies will be re-

ported in detail.

The last general problem area which was studied during this period was
concerned with pilot evaluation. It was believed that a group of individ-
uals from the same population from which the crew will be chosen should sys-
tematically analyze the system and the pilot's role. To aid in this evaluation
mockups were constructed to functionally evaluate the displays and the in-

ternal arrangement of the spacecraft.

We have briefly described the studies conducted. The succeeding reports
will present the pertinent data and results. This report has been organized
as follows:

ER 12008-1--Man in the System. This report will discuss man's role in the
system, the functions he will perform, his contribution to the system, the

displays provided and the internal arrangement.

ER 12008-2--Life Science Considerations. This report will discuss the

life science design requirements for both physiological and psychological
factors. This report also discusses training and consideration of ground
support equipment personnel. A set of design specifications for the life
science area are also included.

ER 12008-3--Research and Development Studies. This report presents
the research, development, mockup and evaluation studies conducted during

the study period. Also included in this report are recommended Apollo pre-

flight and inflight research studies.

ER 12008-4--Conclusions and Recommendations. This report contains the
conclusions and recommendations of the life science studies.

ER 12008-5--Figures. All figures to be included in the Life Science Report

are included in this report.

ER 12008 -1
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Aiding in the determination of crew functions and the display system were
Minneapolis-Honeywell and The B. F. Goodrich Company. International
Latex assisted in determining pressure suit requirements.
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II. CONTRIBUTION AND UTILIZATION OF MAN
IN APOLLO

The incorporation of man into any space system presents difficult prob-

lems in the engineering design of the system due to the need for designing for
his safety and support. This is particularly true when weight considerations
and booster availability are factored in. One can argue to some extent that an
automatic system can perform some of the functions man would perform in
space. However, it is apparent to one interested in the man versus machine

argument that the machine or automated equipment is never rated higher than
the man in the following areas:

(I) Decision making

(2) Information processing

(3) Tracking behavior.

The above statement becomes more evident ff one considers the level of per-
formance required in each of the above areas. Simple decisions, information
processing, or tracking behavior may be done quicker by a machine but not at
the same level of performance. Any machine can perform a function for which
it was built or was programmed to perform. However, this same machine

cannot take data which is not predictable and make decision responses. That
is, the machine cannot generalize to different classes of data. This becomes

particularly important in manned space system such as Apollo where all mis-
sion eventualities cannot be preprogrammed.

The problem of demonstrating what man can contribute to an advanced sys-
tem such as Apollo is not difficult as it may appear. The difficulty, if any,
arises not from the choice of what he is to contribute per se, but from the
difficulty in determining methodologies to evaluate and quantify man's con-
tribution. Further, the data available on human capabilities is somewhat
limited in a quantative sense. Most individuals consider themselves author-

ities on the human capabilities and because of these perBonal biases reject or
fail to reject data on the frailties or attributes of man on the bases of per-
sonal experiences. The approach which we have used has been that of the im-
partial scientist operating with data on a statistical bases. This has been nec-

essary because of one important factor which pervades allbiological organ-

This factor is the most important argument against personal experience be-

cause itis firstempirically defined and secondly demonstrates itselfin all as-

pects of the biological organism. Any biological organism differs from any

other organism on a statisticalbasis unless ithas exactly the same genetic
inheritance and post partlun experiences. The statisticalbasis on which these

differences occur are usually considered to be normally distributed. These

same statistical differences are also found in the sizes, shapes and functional
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capabilities of internal organs. More subtile intellectual differences in human
capabilities exist in learning ability, in response ability and in general intel-
ligence. Consideration of these factors then suggests that the only possible
means of discussing man's capability is in terms of a majority of individuals
presenting these traits.

Any analysis attempting to demonstrate the contributions of man to a ma-
chine system are based on a set of assumptions. The validity of these as-
sumptions are ultimately dependent, in the present situation, on the opera-

tional performance of the Apollo crew. However, prior to this type of veri-
fication certain other criteria or assumptions may be used. These assump-

tions must have some logic and relatedness to the system. Laboratory data
may be utilized in this manner dependent upon the degree of relatedness of
laboratory conditions to actual system conditions or situations. The criterion
utilized in determining the role man will play in Apollo and to some extent a
Justification of his inclusion are as follows:

(i)One of the major purposes of the Apollo system is to evaluate the
role man can exercise in a space system. This would suggest that
man should play a role in most of the subsystems in order to deter-
mine his precise limitations in the environment of space.

(2)Any inclusion or Justification of man in the Apollo system must also
be made on some estimate of utility he contributes to the system.

Utility is usually expressed in terms of cost and weight. It may,
however, also be expressed in terms of effectiveness of mission
accomplishment or maintenance to assure reliability during mission

time. This approach, is of course, more difficult but may repre-
sent the only reasonable means of assessing the value of man with-
in the Apollo system. The assumptions of this approach and some
of the results will be presented later in this section.

It, therefore, appears reasonable and logical to attempt to delineate the

crew capabilities, functions and contributions to the Apollo system.

ER 12008-1
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A. MANtS CAPABILITIES

The capabilities of man which are to be presented are conceptualized in
terms of the individual differences discussed above. Therefore, in each of

the capabilities to be discussed a range or a set of limits will be presented.
These limits are not only dependent on the statistical variance of the human
but are also dependent on the situations used to obtain these data.

Our work has indicated that the capabilities of man which will be of the

utmost importance for the Apollo system are as follows:

(1) Information processing

(2) Decision making

(3) Tracking and control behavior.

These three capabilities may be subdivided into many discrete functions
which will be discussed in a later section. It should also be noted that in-

formation processing is a necessary pre-requisite to decision making and both
information processing and decision making are necessary for tracking and
control 'behavior.

1. Information Processing

In considering human information processing, it is a matter of convenience
to conceptualize it in a manner similar to the transmission of information

across a machine communication system. Therefore, the following sequence
of events are applicable:

_1 Transmitter _1 Channel _1Rec eiver _1 Destination I

t
i Noise Source ]

The noise source is based on the assumption that there is always some

noise signal present. The only pertinent feature of noise is whether it would
cause an alteration in the transmitted signal message. We, therefore, are
only concerned with the probability that the noise signal changes. The unit of
information transmission in which we will conceptualize manVs performance is
defined as a bit.

ER 12008-1
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Two additional concepts must be briefly introduced. The channel capacity of
our system may be defined as follows:

Channel capacity C = lim C (T) = lim log N (T)

2
T

T = each signal of duration T; time units

(i)

C(T)= approximately the maximum number of bits that can be
handled by the channel in one unit of time.

log2N(T)= bits per signal of duration T time units if each N(T)
signal were equally likely,

The entropy of the source or the distribution characterizing the source is
defined as H. H is given as follows:

H = _ p(i) log2P(i ) bits/selection (2)
i=1

whe re:

p(i)= probability of the selection of symbol i from the given
source.

log2p(i)=transmission of bits of information from (S) of the
symbol (i)which occurs with the probability of p(i).

The term entropy (H) will be used in the present context to represent the
idea of amount of information transmitted or average uncertainty.

With these basic formulations stated, the capability of the human operator
in information processing must be determined. Considering only the theoret-
ical formulations of information theory, two estimates of human capacity are
available. The first estimate considers channel capacity in terms of phys-

ical, physiological and pschologlcal factors relevent to the transmission, the
upper bounds of this channel capacity has resulted in approximately 10,000
hits per second. Another estimate of capacity is the consideration of vary-

ing certain variables and employing diverse coding schemes, the amount of
information a human can be caused to handle suggests a lower bound of 10 to

100 bits per second. It should be noted that the lower bound, probably repre-
sents the limit of the human because of the inherent engineering difficulties in
presenting noise-free information to the human operator and the lack of an

adequate model for what functionally happens when a person processes infor-
mation. Let us consider information processing of the human dependent on the
senee organ stimulated.

ER 12008-1
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(i)Hearing. Because of the lack of an adequate model, the only rea-
sonable channel capacity estimates in the auditory area have been
made on the peripheral aspects of the channel. The channel capac-
ity in bits per second for auditory signals has been calculated by the
following formulation:

c = Wlog2 (i + P/N)
whe re:

W = bandwidth of the channel in cycles per second

P/N = the additive power ration of the noise and signal

This can be calculated to be 50,000 bits per second with a bandwidth of

5,000 cps and a signal to noise ratio of 30 pounds (power ratio of 1,000). How-
ever, human information processing usually never exceeds 50 bits per sec-
ond. The efficiency of the system is . 1 per cent. Other theoretical computa-
tions have estimated the channel capacity of 10,000 bits per second with loud
sounds. The average amount of information transfer of a single cochlear
nerve fiber is about 0.3 bit per second (approximately 29,000 ganglion cells
from the ear to the brain).

Other studies indicate that the ear is an information channel which has a

larger capacity than is ever realized because the brain presumably acts as
a scanner which receives information of interest at any particular time. It
appears reasonable to assume that the 50 bits per second represent an upper
limit for auditory information processing.

(2)Vision. It can be similarly estimated for the eye that the channel

capacity for each eye is approximately 4.3 X 106 bits per second.

The inclusion of color would probably raise this estimate. The
empirical studies would also suggest an upper limit of information
transfer at about 50 bits per second for vision. It, however, should
be noted that other factors have influenced the obtained results.

Such factors as redundancy of information, continuity of informa-
tion, rate of presentation of information, method of presentation of
information, etc., all influence the transmission rate.

One additional comment is necessary. It is evident that the theoretical

limits of information processing by man with either the auditory or visual
modality has never been approached. One possible explanation is that we have
not as yet conceived means of properly presenting information to the operator

or training operators to perform information processing. Utilization of this
theoretical sensory information processing capability could represent a fan-
tastic utility to any manned system. The replacement of many information
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processing devices with a man would reduce weight and cost provided proper
presentation of information (displays) and training procedures could be devel-
oped.

In the consideration of information processing tasks which man must per-
form (Judgments,intelligibility, perception, etc. ), it can be observed that the
theoretical limits of his performance with these tasks have also not been
approached. The difficulty again appears to be the lack of proper techniques
for inducing information processing and a lack of understanding some of the
pertinent variables. This has been to some extent demonstrated in our own
laboratories in terms of visual information processing by human subjects
presented with target detection information. We have found that the human
is capable of detection and processing information concerning targets at levels
of resolution of about 20 foot ground resolution and at a 90 per cent correct
identification level. However, the conditions of presentation and the type of
information presented to the operator determine his ability to process this
information.

2. Decision Making

Decision making is commonly divided according to whether it is carried
out under conditions of certainty, risk or uncertainty. The following defini-
tions are necessary for understanding these conditions.

(1) Certainty. If each is known to lead invaribly to a specific outcome.

Risk. If each action leads to one of a set of possible specific out-
comes, each outcome occurring with a known probability. The pro-

babflities are assumed to be known for the decision making.

(3) Uncertainty. If either action or both has as its consequence a set
of possible specific outcomes, but where the possibilities of these
outcomes are completely unknown or are not even meaningful.

Each of these conditions exists in the decision making role of man within
the Apollo system. The direct quantification of human decision behaviors is,
therefore, very difficult. It is dependent on the following factors:

(1) The type of conditions available during the decision time

(2) The type of information available to make a decision

(3) The cost or value of making a decision during a particular time
period.

(4) The time period required for a decision.
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One particular model which allows for some quantification of the operator's
decision-response is signal detection theory. This model and the supporting
research indicates that the threshold limit on the detection or decision as to

the presence or absence of a signal is determined by varying the payoffs
(gains) to the operator. As a function of this, the operator's probability of
detection can be manipulated over a broad range by varying the payoffs. The
broad ranges which the operator can manipulate his decisions increase his
flexibility and allows him to perform decision functions based on the informa-

tion presented to him and particular decision criteria at any point in time.
Various ideal mathematical strategies have been developed when compared
with human operator data indicates a non-statistical difference after a small
number of adaptation trials.

It is of further interest to note that there is difficulty in programming
similar mathematical strategies into automated computers. This may be due
to the capacity channels required and mathematical limitations for programm-
ing automated computers. Further, the number of central nervous systems

10
neurons available to the human operator is estimated to be approximately 10

13 15
while the total estimated memory capacity is approximately 10 to 10 bits
in retained information.

It again appears that the limit in decision making is not dependent on the
human capability involved, but more precisely on the method of presentation
of decision information and the method of decision making can be manipulated
by the training of the operator to the extent that he can learn to act as an

approximation of an ideal mathematical decision maker. In terms of speeds of
successive decision, the automated computer appears to have the advantage
but is limited in terms of the finite number of programs which can be placed
in the computer memory.

3. Tracking and Control Behavior

The role of man within the Apollo system in tracking and control behavior
should not be underestimated. Though many individuals believe that his

tracking and control performance is limited by the environment (acceleration,
weightlessness, etc. ), required reaction times, the performance dynamics of
the vehicle system, etc., there is reason to believe that other factors are

more important.

Primary in the design of a manned tracking and control system is the
transfer function which relates man to the machine. Until recently, man has
been represented by linear or quasi-linear models. These models fall to take

into consideration certain characteristics of the human operator which are not
necessarily decrements. They are as follows:

(1) Human operators appear to respond discontinuously
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(2) They appear to respond as if their internal time scales are some-
what quantized.

(3) They do not appear to give identical responses to identical stimuli.

It should appear obvious to the specialist in neurophysiology that evidence
exists on the quantized time basis of the central nervous system. To the ex-
perimental psychologist, evidence exists which would cast doubts about meas-
uring either identical responses or stimuli in replicated situations. In fact,
the experimental psychologist utilizes varied experimental designs to insure at
statistical certainty of replicated stimulus-response situations. Therefore,
until evaluative non-linear techniques are developed and are readily utilized in
the design of tracking and control systems, a true estimate of man's response
capabilities in these areas is lacking.

Another area of scientific and technical ignorance should be discussed. The
human operator in order to perform tracking and control tasks must be pre-
sented with applicable and useful information. This, of course, implies a
display system which presents proper information. As yet, little advances in
the proper representation of information to the operator for control tasks have
been made. When limited by the environmental conditions such as in the ApoLlo

system, the operator is left with only his display system as a means of com-
munication with his vehicle and his environment.

Let us now consider some data on capabilities of the operator based on lin-
ear or quasi-linear models.

(i) A linear model of human operator behavior indicates the perform-
ance in tracking of low-frequency sinusoidal motion, however, this
model does not appear applicable to rapid sinusoidal oscillations.

(2) Considering the use of a servo-mechanism model as a human oper-
ator is somewhat limited. This exists because the operator does
not have an important feature of a servo mechanism. That is with

Time (T) at infinity, a closed-loop system should adjust its output to
equal a steady input without error. The human operator does not

appear to function this way. Therefore, in order to correspond to a
servo model, one has to introduce an attenuation factor (possibly
proprioceptive feedback). This feedback would be negative in nature.

(3) There exists obvious differences among human transfer functions
for different tracking tasks. However, time and trial variations are
small for operators.

(4) In situations with simple tracking (no external dynamics) the oper-
ator's gain drops off rapidly and his phase lags behind with increas-
ing frequency.
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(5) In pursuit tracking tasks, the most important factor is to adjust the
display scale factor until the target motion makes an appropriate
movement on the display. In compensatory tracking, the amplitude

of the error depends upon the accuracy of the operator, and the
accuracy of the operator depends upon the amplitude of the error
movement of the display. If the tracking target in a pursuit task
moves slowly enough, the operator can follow it through wide excur-
sions by moving along with it, and thereby achieve great relative
accuracy. In a compensatory task, as long as he operates accu-
rately, he does no_ have to move, since accurate operation keeps the
error small.

It appears from the brief discussion above that the human operator's ability
as a controller and tracker has never been fully exploited due to the lack of
development of non-linear models. However, the available data on this type
of performance with linear models indicates a great deal of capability. Fur-
ther, valid data is available on operational performance of pilots with high-
performance systems. Two determining factors should be emphasized in
order to use this capability.

(a) The design of the control system which exploits human capability.

(b) The design of a display system which allows him to perform
these control tasks with proper and usable information.

The results of these past discussions are summarized in Table 1-1 and
Table 1-2. Table 1-2 requires some additional comments. This table is a

comparison between the essential factors of an automated computer and a
human decision maker. Any attempt at cross quantification between computer
and man is difficult particularly when considering human advantages as flexi-
bility and opportunism. However, the human appears capable of performing
decision-functions except for speed of computations.
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B. ANALYSIS OF MAN'S FUNCTIONS IN APOLLO

In attempting to analyze man's functions within the Apollo system, a number
of methods were available. However, the validity of each of these methods is
somewhat dependent on the criteria adopted as to the amount of influence man

will have over the system and the related assumptionB. The assumptions
adopted were as follows:

(1) Man will be used in the system in a manner which will use his capa-
bilities to a maximum.

(2) The system will not be primarily manual or automatic but will com-
bine the best aspects of both modes of operation.

(3)Man will not be used in those conditions in which the environmental

stress is high or in which his performance is limited by environ-
mental stress. This assumption is based on the ability of auto-

matized systems to perform the appropriate functions during these
periods.

The methods used were a sequential activities analysis and time line func-

tion analysis. Each of these methods yields information as to the needed crew
information requirements, crew responses, crew workload and work-rest
cycle.

I. Apollo Sequential Activities Analysis

This method represents a way of analyzing certain human functions within a
lunar orbit mission.

a. Description

The Apollo Sequential Activities Analysis is a step-by-step, or sequential,
chart of events that occur within a typical lunar mission, from launch to touch-
down, of the Apollo Vehicle. The diagram uses a technique similar to standard
flow charting or block diagrammiv_ methods used by computer programmers.
This type analysis was used because it was believed that certain types of infor-
mation could not be determined bystaudard human factors analyses such as
task analyses and second-by-second analyses. Essentially, the flew diagram
shows qualitative and quantitative indications of those types of human activities
or functions necessary to successfully complete a 14 day lunar orbit mission.
It was determined, from study of the completed flow diagram, that the most
important functions man accomplishes in the Apollo complex axe information-

processing, decision-making, discreet and continuous psychomotor activities
and as a trouble-shooter and maintainer of on-board equipment. The first four
of these are considered within the body of the analysis.
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The flow diagram was also used as a basis for setting up the work-rest
cycles. This was done by examining the approximate times involved for each
series of tasks and re-estimated difficulty involved in accomplishing these
tasks. It was also necessary to determine the number of crew members re-
quired to accomplish each mission function (e. g., navigational fix, midcourse
guidance correction, systems check, etc.). A time base was laid out and
many work-rest cycles examined until an acceptable one was found to fit the

mission. This will be discussed in detail in another section. The analysis is
presented with the interpolative symbology.

_..,,.,,,,_-........ [
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b. Terminology-symbology andanalysis

Human monitoring behavior

)-
Communication activity involv-
ing one or more crew members
(may either be from ground to

vehicle or vice-versa)

Human motor activity
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c. Apollo sequential activities flow diagram for lunar orbit mission
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d. Results of analysis

In setting up the flow diagram each system was reviewed with the various
engineers, in an attempt to determine what man's greatest contributions to the
Apollo would be. Thus, the system was essentially built about man, so that the
vehicle design would take full advantage of those unique talents which man
could offer. If a listing were made of those abilities possessed by man, which
could be utilized within the Apollo system, the most significant of these would
be as follows:

(1) Information processing abilities

(2) Decision-making abilities

(3) Continuous psychomotor abilities

(4) Discreet psychomotor abilities

(5) Trouble-shooting and maintenance abilities

Operational definitions of these are as follows:

(I) Information-processing--Consists of detection and discrimination of
specific information from the total available to the human, process-
ing storing and later possibly transmitting this information.

(2) Decision-making--The process whereby the human chooses, from a
set of possible acts, those which he feels maximize (or minimize) a
given index.

(3) Continuous psychomotor activity--Behavior which involves the con-
trol of proprioceptive responses based on the utilization of stored in-
formation over an extended period of time.

(4) Discreet psychomotor activity--Behavior which involves the control
of proprioceptive responses based on the utilization of stored infor-
mation over a short interval of time.

(5) Troubleshooting and maintenance--This is the process whereby a
human must detect some characteristic of equipment which should not
normally exist, isolate the reason for this condition, and remedy the

cause of the malfunctioning equipment.

Upon examination of the sequential flow chart it was determined that in al-

most every case, information was processed by the crew members for the pur-
pose of gaining data in order to make a decision. Thus, in order not to dis-
rupt the integrity of the analysis, both of those ftmctions will be discussed in
one single portion of the report, and those information-processing activities
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not directly affecting a decision will be discussed as exceptions to the rule.

Information-processing: decision-making. Throughout the duration of a
lunar mission, there will be a continuous task of monitoring 30 information
channels. The purpose of this monitoring behavior is to detect an equipment
malfunction. The information channels listed should give him indications of

complete operational systems status, with the exception of the propulsion sys-
tem, which can only be examined fully while it is actually burning. It will also
be necessary for the member of the crew doing the monitoring to chart certain
system information at discrete time intervals in order to get long-term (i. e.,
over a period of hours or days) rate information. An example of this is the
measurement of oxygen and hydrogen levels for the main vehicle propulsion
system. The only time these quantities can be measured in deep space is
while under an acceleration load (using vernier engines). However, rates-of-
boiloff of these fuels axe critical values in determining whether or not to inject
into lunar orbit. Therefore, fuel remaining must be measured each time a
mid-course guidance correction is made, and curves must be plotted to extra-
polate the rate-of-bofloff data.

As was mentioned above, the purpose of monitoring these displays is to de-

termine system operational status. Ultimately, the information gained from
this process is used in a particular type of decision-making behavior. Given a

particular situation, the Pilot-Commander must choose between several pos-
sible alternatives, these alternatives being'.

(i) Abort the mission--return to earth as quickly as possible.

(2) Change mission parameters--instead of attempting to complete a
lunar orbit mission, attempt to complete:

(a) Earth-orbit mission

(b) Cislunar mission

(c) Circumlunar mission

(3) Attempt to complete a lunar-orbit mission

This decision-maklng process can be divided into several steps:

¢i_ Display T.,_.rttn_g., must be interureted in terms of normal system

operation or equipment malfunctions.

(2) The particular system malfunction, ifone exists, must be detected
and isolated.

(3) Determined whether maintenance can be performed
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(4) If maintenance can be performed, then it should be attempted.

(5) If maintenance is not possible, then the Pilot-Commander must de-
termine, on the basis of reliability estimates, their chances for a
successful mission completion, without the use of the malfunctioned

equipment, either operationally, or as a back-up.

(6) The position of the vehicle in space must be considered, in order to
determine whether it is possible to abort.

For any one particular equipment malfunction, it is not too difficult to make
a decision to abort, to change mission parameters, or to continue the mission.
An in-flight systems check will be presented later which will allow for a de-
cision to be made whether to abort prior to injection phases. However, when
there are a combination of reduced system performances or equipment mal-
functions, the decision is clearly a difficult one. Since there obviously exist
conditions where a great deal of Judgment is involved, as to estimating suc-
cessful mission completion, the possibility of programming a computer to
make this decision is out of the question. Also, a great deal would depend on
what estimated probabilities of successful mission completion the crew would

be willing to accept and still continue.

In the operation of the guidance system, the most critical system during
cislunar flight, man plays an important and necessary role. The Navigator-
Pilot, at various Intervals during a navigation fix, will have to compare angu-
lar information obtained from on-board automatic and on-board manual track-

ing systems. He will use certain accuracy criteria charts to accomplish this
information processing task. The results of this comparison will be used to
compare the operational status of his trackers and inertial platforms, and de-
termine if either set of equipment is not operating properly.

After the raw data from the two on-board navigational systems (i. e., the

manual system and the automatic system) and the two ground tracking systems
have been converted by the computers into four sets of data concerning, devi-.
ations from nominal trajectories, ( AX, A y, _ Z, AT, _ X, A _, AZ)

the Navigator-Pilot must compare these sets of data for general agreement and
discover a 'q_est" weighting factor for each set of data in order to obtain the
most accurate trajectory determination. The comparison will also have accu-
racy limits associated with the various sets of data, however, the determina-
tion of a 'q_est" weighting factor will be essentially a trial-and-error process,
although inherent accuracies associated with each system can be utilized to aid
guesses as to 'q_est" weighting factors. Other factors which might be con-
sidered in the determination of these calculations are intermittent perform-

ance, insufficient samples, internal cabin conditions, crew performance, etc.

In order for the digital computer to determine the mid-course guidance
correction parameters, (duration of thrust and vehicle attitude) the Navigator-
Pilot will select several aim points, steering correction times, and nominal
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trajectories to be considered. In selecting these sets of data, on which the

computer computations will be based, the Navigator-Pilot will use information,
in the form of graphs, concerning ranges of maximal effectiveness in terms of

fuel consumption. However, he must pick discrete points within these ranges,
points which he feels will minimize fuel consumption.

After the computer has calculated the sets of correction parameters, based
on the data supplied by the navigator, he will pick the most optimal correction

in terms of fuel consumption. Now the navigator must, using this optimal
correction, decide whether a correction will actually be performed. This de-
cision will be in part based on the comparison of the required correction ve-

locity to the uncertainty of readings from the navigation system. However, the
ultimate decision, made by the Pilot-Commander, must also consider systems
status. This information will be conveyed to the Pilot-Commander by the
Engineer-Scientist.

In all of the above described activities, there are certain predetermined
criteria, however gross, that man uses to aid him in making decision. How-
ever, man's most important contribution to Apollo, lies in the areas where

there are no preplanned standards. In fact, there do not exist any predeter-
mined ways of reacting to given situations in space flight situations.

For example, suppose that immediately after igniting the main engine for an
injection into lunar orbit, the crew member monitoring main engine perform-
ance finds that thrust levels are much less than expected, and that the main

engine will expend all remaining fuel before giving the vehicle the velocity de-
crement to inject it into a lunar orbit. Since the Navigator-Pilot will have a
continuous indication of inertial velocity and inertial attitude, it may be possi-
ble to shut the engine down, reverse the vehicle attitude 180 °, and fire the

main engine to counteract the original velocity impulse. This would serve the
purpose of putting the vehicle into a circumllun_ orbit and the mission would
not be a complete failure.

The malfunction described above is unlikely; however, if we consider that
there is a finite probability of its occurrence; then we must conclude that the

inclusion of man in the Apollo vehicle, has greatly increased the probability of
a successful mission completion.

The possibility of many situations, similar to the one described above, can
be predicted, along with the set of conditions which will maximize the results.
Such situations will place a g_reat deal of emphasis upon ingenuity, creativity
and judgment, and since the Apollo crew members are theonly s_bsystems"
possessing these characteristics, their value in the system is obvious. Table

1-3 presents number of information channels monitored per phase and Table
1-4 presents the number of decisions made per phase. These tables empha-
size the involvement and decision control the crew has over the Apollo system.

ER 12008-1



TABLE 1-3

Number of Information Channels Monitored Per Phase

Mission phase No. of channels
Monitored

Launch

Coast

Injection into Trans-Lunar
orbit

39

8 *

47

Trans-Lunar orbit 203 *

Injection into Lunar orbit 38

Lunar orbit 109 *

Injection into Trans-Earth orbit 38

Trans-Earth orbit 244 *

Re-Entry 24

Systems Check (Done daring coast
and prior to and subsequent to In-
Jection into both Lunar orbit and
trans-earth orbit

122

* Not including systems checks
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TABLE 1-4

Decision-Making Behavior Per Phase

Mission phase Number of decisions
made

Launch 10

Coast 3 *

Injection into trans-lunar orbit 7

Trans-lunar orbit 48 *

Injection into lunar orbit 7

Lunar orbit 28 *

Injection into trans-earth orbit 7

Trans-earth orbit 51 *

Re-entry 6

In-flight systems check (done
during coast and prior to and
subsequent to injection into and
ejection out of lunar orbit)

63

* Not including system check

ER 12008-1



II-72

Continuous psychomotor activity. During re--entry and at various times dur-

ing trans-lunar, lunar and trans-earth phases of the lunar orbit mission, the
Pilot-Commander will re-orient vehicle attitude.

During the majority of time in deep space, the vehicle will be oriented with
the nose pointing toward the sun, for the purpose of keeping propellant boil-off
to a minimum. However, there are times during the mission when the attitude
must be changed from a sun-oriented position. These times are:

(1) Prior to each set of star, moon and earth measurements

(2) Prior to each photographic scientific reconnaissance sequence

(3) Prior to each midcourse guidance correction

(4) Prior to injection into and ejection out of lunar orbit

(5) Prior to re-entry.

As an initial estimate, the pilot may have to change vehicle attitude perhaps
65 to 70 times during a lunar mission, while in deep space.

During re-entry, the Pilot-Commander will have continuous control of the
vehicle flight-path. However, this entire process can be divided into a number
of phases. After releasing the mission module and before entering the atmos-
pheric boundary of aerodynamic control, vehicle attitude is controlled by com-
mand module attitude rockets. When the atmosphere becomes dense enough to
allow aerodynamic control of the vehicle, this control will be accomplished by
three flaps, extending from the rear of the command module. At about 80,000
ft from the surface of the earth, the drogue chute is deployed and temporarily,
the pilot's control of the vehicle ends. At 15,000 ft, the main chute is extended

and the pilot now controls vehicle flight path by manipulating a flap in the chute.

All above mentioned control (midcourse attitude, re-entry) except chute
maneuvering control is accomplished by using a two-axis electric stick and
electric yaw pedals. There are only two axes of maneuverability in the chute
control, so that only one axis of the stick and the yaw pedals would be used
during this sequence.

Discrete psychomotor activity. Upon examination of the list of discrete

psychomotor functions, the crew accomplish during a lunar orbit mission, it is
seen that they obviously play a large role in the system. Especially so, when
it is considered that they repeat some of these functions many times over.

if we consider that these functions would be design parameters or specifi-
cations, the amount of mechanized equipment saved by giving these functions to
the crew is quite large.
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To automate all switching functions listed on the following pages, it would be
necessary to include various sensors and associated switching circuitry, in
order to determine what and when to switch. For example, signalstrength for

both VHF and deep space net communications systems must be sensed and
compared, to determine when to switch systems subsequent to injection into
trans-lunar orbit. It is necessary to sense time in order to determine when to
initiate a mid-course guidance fix.

If mission parameters change while in flight, this information must be trans-
mitted to the switching mechanisms. For example, if, after injection into
trans-lunar orbit is completed, it is decided to only attempt a cislunar orbit
mission instead of a lunar orbit mission, obviously, some of the lunar sur-

veillance equipment would not be activated.

An equipment malfunction or an absolute drop in equipment output must be
sensed before the system can be switched to a redundant one. It will also be
necessary to compare outputs from two or more systems to determine which
system outputs should be utilized.

It is necessary to sense ttme in order to determine when to initiate a mid-
course guidance fix sequence. Also, at various times during the sequence, the
completion of previous expected operations must be sensed before other opera-
tions can be initiated.

Aside from the sensing and switching mechanisms that must be included in an
automated system, there must be a large amount of additional computer cir-
cuitry and memory space and computer input-output devices.

Essentially, allowing the crew to accomplish these switching functions has

several advantages:

(1) It decreas,es the weight of additional sensors, switching mechanisms,
computer circuitry and computer input-output devices.

(2) As these elements would obviously be attached in series, the rella-
bility of the system is increased by the inclusion of man.

(3) The flexibility of the system is increased, as the crew can adjust
their outputs to variable situations more rapidly and with less com-
plexity than can an automated system.

Table I-5 __.___ ,_ .... _^_ ^_ A,....+..... _^_"_+_" tasks _o_"°_

by the Apollo crew duriDg a lunar orbit mission. In performing these tasks,
the crew saves the equipment necessary to perform a total of 998 switching or

adjusting functions.
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TABLE 1-5

Number of Discrete Psychomotor Tasks Per Phase

Mission phase Number of
tasks

Launch

Coast

Injection into trans-lunar orbit

Trans-lunar orbit

Injection into lunar orbit

Lunar orbit

Injection into trans-earth orbit

Trans-earth orbit

Re-entry

Systems check (Done during coast
and prior to and subsequent to
injection into both lunar orbit and
trans-earth orbit)

5

5 _

271 *

0

178 *

330 *

4

207

* Not including systems checks
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The following is a list of discrete psychomotor tasks for Apollo subsystems:

Communications system

(1) Switch from VHF to deep space net after injection into trans-lunar
orbit.

(2) Turn off C-band transponding beacon after injection into trans-lunar
orbit.

(3) Switch from deep space net to Ke band just prior to re-entry

(4) Switch from Ke band to VHF after touchdown

(5) Turn on deep space net antenna extension controls

(6) Turn on C-band transponding beacon just prior to re-entry

(7) Turn off deep space net at those times during lunar orbit phase
when vehicle communications are blocked by the moon.

(8) Turn on deep space net at those times during lunar orbit phase
when vehicle communications are not blocked by the moon.

(9) Adjust volume when earth signals grow weak.

Environmental control system

(1) Switch from LiOH filter system to molecular sieve filtering
system after injection into trans-lunar orbit.

(2) Switch from command module 02 and N 2 supplies to mission
module O 2 and N 2 supplies when the former is exhausted
(probably some time during lunar orbit).

(3) Switch on mission module ventilating system subsequent to
injection into trans-lunar orbit.

(4) Turn on radiator coolant loop during coast phase.

(5) Switch to back-up radiator coolant loop in case of failure of
primary system.

(6) Switch atmosphere(02 and N2) supply from pressure suit to
mission module subsequent to injection into trans-lunar orbit.

(7) Switch atmosphere (02 and N2) supply from mission module tc
pressure suit prior to re-entry.
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(8) Reduce pressure in mission module, Just prior to releasing it, to
check on quality of seal between the command and mission modules.

Propulsion system

(1) Switch off main or vernier propulsion systems in deep space in
case of abnormal firing.

(2) Switch from non-operational attitude rocket to back-up attitude
rocket in case of failure.

(3) Switch two-axis stick and rudder pedals from control of attitude
rockets to control of flaps, Just prior to re-entry.

Control system (two-axis stick and yaw pedals)

(1) Switch stick and yaw pedals from control of attitude rockets
to control of flaps (just prior to re-entry).

(2) Switch one axis of stick and yaw pedals from control of flaps
to control of main chute (Just prior to deployment of main chute).

Hot gas system

(1) Switch on hot gas system immediately prior to re-entry

(2) Switch to back-up hot gas system in the event of failure of the
operational system.

Electrical system

(1) Switch non-essential buses off line where there is equipment
failure and maintenance is to be attempted--switch bus on line
when maintenance is completed.

(2) Switch fuel cells in case of drop in output

(3) Switch from fuel cell bus to recovery bus just prior to dropping
mission module or if fuel cells should malfunction.

(4) Switch control operating battery charging system, anytime the
battery is used during deep space.

(5) Turn-off battery and turn on Recovery Power Unit subsequent
to touchdown.
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Guidance system

(1) Switch on automatic guidance routine when a fix is desired

(2) Enter Telesextant readings in computer memory after each star,
earth and moon reading

(3) Select computer programs to compute and/or display various
parameters.

(4) Enter guidance data into panel to be transmitted to earth

(5) Select charts, graphs, etc., from the slide projector

(6) Enter propulsion system parameters for midcourse guidance
corrections and injections into correction control panel.

Miscellaneous psychomotor activities

(1) Back--up 1st stage release during launch

(2) Back--up escape tower release during launch

(3) Back-up 2rid stage release during launch

(4) Back-up 3rd stage cutoff during launch

(5) Back--up 3rd stage separation after injection into trans-lunar orbit.

(6) Open passage between mission module and command module after
injection into trans-lunar orbit.

(7) Close and seal passage between mission module and command
module prior to releasing mission module,

(8) Back-up mission module release

(9) Switch off attitude rockets subsequent to entering atmosphere

(10) Back-up drogue chute release during re-entry

(11) Back-up main chute release during landing sequence

(12) Back--up for retro-rocket firing during landing sequence

(13) Emergency booster cut-off control for abort during launch

(14) Abort control (during launch).

Troubleshooting and maintenance. The most important aspect of mainte-
nance which can be delineated from the sequential activities analysis are the
crew itmctionl which determine mission status. This has been determined for

coast periodJ prior to injection phases. It is termed an in-flight systems
check.
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The sequence of events within the in-flight systems check includes all pro-
cesses which will be necessary to check the operation of all systems. As seen
in the flow diagram, this sequence is initiated during coast, prior to and fol-
lowing injection into and ejection from lunar orbit.

The reason for the systems check is to supply the crew with a more com-
prehensive evaluation of system operation than can be gained from monitoring

system status alone. The systems check includes switching from operation to
back-up equipment and measuring performance, feeding artificial signals to
various systems and measuring outputs, and examining present system levels
and projecting them ahead in time to predict future conditions. The results of
the systems check will give the crew a more adequate picture from which to
make a decision to abort, to continue the lunar orbit mission or to change mis-

sion parameters (i. e., from lunar orbit mission to circumlunar, cislunar of
earth orbit mission).

A breakdown of the sequence of events in the in-flight systems check by
subsystem is as follows:

In-flight communications systems check. There are five communications
and telemetry systems aboard. They are:

(1) C-band beacon-launch and recovery tracking

(2) S-band beacon-launch and deep space tracking

(3) VHF band-launch and recovery communications

(4) Deep space net-Communications from injection to re-entry

(5) KE band-communications during re-entry

Absolute or relative power output is not important as an abort determiner.
However, an uncontrollable drop or fluctuations in output power, modulation

level, supply voltages, and/or receiver gain control is an indication of unstable
system performance, however, there can be no prediction made of time of ulti-
mate system failure from any of these measures. Thus, rate of fluctuation or
rate of drop cannot be quantified to measure system performance.

During coast, a systems check for the communications system would con-
sist of the following sequence:

(1) Check output power, modulation level, supply voltages and receiver
gain control for normal operating and redundant back-up systems of
C-band, S-band, VHF, deep space net and KE*. Here, the Engineer-
Scientist would be looking for drops or fluctuations in these measures.
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(2) Send test message to ground over VHF, deep space net, and K E*
and receive same message, for both normal operating and redundant
back-up systems. The criteria would be audibility of message re-
ception, both by ground and by vehicle.

Tentatively, abort decisions would be made on the following basis:

One system nor-
mal, one system
questionable

Both systems
questionable

Deep
Space

Net

No

Abort

Crew

Option

C-band
beacon

No

Abort

Crew

Option

S-band
beacon

No

Abort

No

Abort

VHF

No

Abort

Crew

Option

*There is only one K E system aboard, however, questionable operation of
this system would not lead to an abort decision. Since the antennas cannot be
erected until after injection into trans-lunar orbit. Due to one space g forces
during injection, the antennas, antenna erection system and antenna controls
cannot be checked during coast.

deep space I the C-band beacon and the VHF system cannot be checked.
However, the antennas and antenna controls can be checked by rotating the
antennas, using both manual and automatic modes, and this will be done.

The above discussion is obviously dependent on the amount of maintenance
that it is possible to perform on the system and any abort decision would also

just as obviously depend on the amount o5 maintenance that can be attempted.

In-flight space environment systems check. The Engineer-Scientist must

check values for two measures; radiation dose and projected meteorite oc-
curence level. The first projected step is to ascertain the present accumu-

lated radiation dose. Then the vehtclels trajectory must be ascertained.
There will be charts and tables onboard that will show schedules of projected
radiation dose versus time for several different trajectories. From the pres-
ent level at a given time on a given trajectory, the total expected close for a 14-
day lunar orbit mission can be obtained. If this expected dose has a proba-
bility of accmnuiatJng to a level of 100 REivI above that which has previously
been decided upon, the 14-day lunar mission would be aborted, and other
temporarily shorter missions (e. g., translunar mission, cislunar mission)
would be examined in terms of probable expected dose accumulation. This

entire sequence should take somewhere between two to five minutes.

i "__"" '.F!"" '_""
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The same process is followed in determining the probability that a present
meteorite occurrence level will lead to an accumulated meteorite occurrence

level above a predetermined safe value for a 14-day lunar orbit mission. The
determination of this level, unlike radiation dose prediction, is independent of

vehicle trajectory. This calculation would also take from two to five minutes.

In-flight environmental control systems check. The process of checking
the environmental control system during coast would proceed as follows:

(1) Check displays in command module:

(a) 02 partial pressure-detection of malfunction in 02 supply.

(b) CO 2 partial pressure-detection of LiOH filter malfunction.

(c) Total cabin pressure-detecUon of malfunction in N 2 supply.

(d) Cabin temperature-detection of fan malfunction or cooling
system failure.

(e) Cooling system pressure-detection of leak in cooling system.

(f) Pressure flow rate-detection of malfunction in N2 supply.

(g) Relative humidity-detection of malfunction in H20 separator.

(h) Electrical equipment temperature-detection of malfunction in
fans.

A check of these displays would indicate command module system opera-
tion. However, the mission module environment is not as easily checked.
The sequence to check this would include the following tests:

(1) Monitor mission module total pressure for leak detection.

(2) Open mission module ventilating valves (located in command
module); turn off command module fans and turn on mission
module fans. By observing an air flow, the condition of the venti-

lating duct and the operation of the mission module fans can be
checked.

(3)While still using the mission module ventilating system (ducts and

fans) switch from IAOH filter to molecular sieve filter, but con-
tinue to use the command module O2 and N 2 supplies. By ob-

serving the buildup of CO2, if any, the condition of the molecular
sieve filter can be deduced. This procedure should take approxi-

mately one-half hour.
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(4) Turn on the radiator coolant loop and observe the pressure and

whether there is a temperature increment or decrement (depending
on whether the radiators are still hot from launch). If the pressure
is normal (50-60 psi) and there is a temperature change within one
or two minutes, the cooling system is operating normally.

A total abort would be decided upon, due to:

(a) Leak in command or mission modules

(b) Loss of one cooling system

(c) Loss of molecular sieve

The mission parameters would be changed (i. e., from lunar orbit to
circumlunar orbit, cislunar orbit or earth orbit) in case of stoppage in O2 or
N2 supply in the command module. There is no way of checking the 02 and

N2 supplies during coast, due to the seal between the two modules. However,
since 50% of the total 02 and N2 supplies is in the mission module, this would
have to be checked immediately after opening the door (after injection into

translunar orbit}. This will be done both after injection and at the other times
in deep space, when the systems check takes place, by activating the flow in
the supply lines and observing pressure flow rates, cabin total pressure and
02 partial pressure.

In-flight propulsion systems check. The only way to predict ff the various
on-board propulsion units will function properly on demand is to activate them

and note the resulting effects. However, all on-board propulsion units are
contained in the fairing between the S-IV Saturn boost vehicle and the propul-
sion equipment module and there exists no outlets for trapped gases to escape.
Therefore, during coast, when the S-IV and the space craft have not yet sepa-

rated, there is no way of testing the actual operation of the units. However,
various portions of the system can be checked. The procedure is as follows:

(1) Arm vernier and attitude propulsion systems:

(a) Turn on switch which controls evacuation of the lines in the

attitnde and vernier systems.

Co) Turn on switch topressurize propellant tanks.

(2) Monitor chamber pressures-This indicator should read zero, show-
ing that there are no leaks in the system.

(3) Monitor other propulsion system displays:

(a) Pressure tank pressure: 4500 psi (normal)

4760 psi (max.)
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(b) Pressure tank temperature: 70 ° F (normal)
100 ° F (max.)

(c) Propellant tank pressure: 60 psi (normal)
50 psi (rain.)

120 psi (max.)

(d) Propellant quantity in main tanks:

O2 boiloff rate = 0.26 lbs. per hour (starting from Lift-off).

N2 boiloff rate = 0.43 lbs. per hour (starting from Lift-off).

(e) Thrust chamber pressure: zero

(f) Propellant inlet pressure: zero

(g) Main tank pressure: 15 psi (normal)
16 psi (max.)

The values stated above are design limits, not including the safety factor,
so that if any of these pressures reach the above-stated limits, the mission
would be aborted, and the vehicle would re-enter the atmosphere and land.
However, after the propulsion system has been armed, the temperature of the

fuel in the lines will rise slightly, possibly causing a slight rise in pressures
throughout the system. This should be considered normaI.

If a vernier correction is not attempted immediately after injection, the
vernier rockets should be tested by firing them, rotating the vehicle 180 °, and
applying a counter-thrust. This would also be done while in deep space.

All values of measurements, given above, except one, will be considered
to be system failures and therefore warrant an abort trajectory. The main
engine fuel boil-off rates exceeding normal values would not warrant an abort,

but only a change in mission parameters to circumlunar or cislunar orbit.

In-flight re-entry s_rstems check. During coast, the parts of the re-entry
system to be checked are: section of the computers controlling re-entry, re-
entry autopflots, and the re-entry CRT displays.

First, a prearranged and preprogrammed test problem will be carried out
by the computers. The output will be observed on the CRT re-entry displays.
Thus, the computer re-entry circuits and the operation of the CRT displays
can be checked.

Next, the computer would be activated to feed a step or ramp input to the
autopilot system. The output of the autopilots would be observed as a qualita-

tive indication (e.g. red light). Essentially, itis a go-no-go situation.

"-_"ltr...........
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An abort may be decided upon on the following parameters:

(1) Loss of one computer

(2) Loss of both CRT re-entry displays

(3) Loss of re-entry autopilot system

The concept of the re-entry engineers is to design the autopflots and com-
puters for a maximum amount of in-flight maintenance, so that, for example,
ff both re-entry autopllots malfunction, the Engineer-Scientist may decide to
inject and attempt maintenance subsequent to injection. Therefore, all abort
criteria should be considered as crew decisions.

In-flight hot gas s_,stems check. The re-entry control flaps cannot be
checked_ as they are enclosed by a metal fairing. However, some parts of

the system can be activated and checked. The fuel tank pressure should read

2800 psi. The systems (one normal and one redundant) should be turned on to
check the gas generator output. The readings for pressures and temperatures
should be, respectively, 1200 psi (normal) +5% and 1400*F (max.). Here the
creW is more concerned with fluctuations and/or uncontrollable drops.

An abort would be decided upon if there is a loss of one hot gas system.
although this is easentlally a crew decision and depends on their confidence in
the remaining system.

The whole process of checking out this system should take in the order of
one to two minutes to complete.

Coast electrical systems check. There are many aspects of the electrical
power system that can be checked during coast. The sequence would proceed
as follows:

(1) Battery check:

(a) S_/itch the fuel cells of the line

(b) Switch the battery on the line

(c) Check output voltage (should be 28 volts)

(d) Switch zue_ o_,_s back on line

(e) Check to see that the battery is being recharged.

(2) Fuel cell and voltage regulator cheek:

(a) Turn off one fuel cell at a time
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(b) Observe to see ff the other two pick up the load and whether
they do so evenly.

(c) Observe temperature. (normal -450°F)
(max. - 500°F)
(rain. - 375eF)

(d) Observe /k P (2 psi <_ normal operating A P _ 6 psi).

(e) Observe bus voltage. (normal - 28 volts)
(max. - 28.5 volts)
(rain. - 26 volts)

(3) Valve, tubing and manifold check:

(a) Switch from auxiliary tanks to main tanks.

(b) Observe /% P (2 psi _/k P _6psi)

(c) Switch back to auxiliary tanks.

(d) Switch manifolds from right side to left side.

(e) Observe /kP (2psi < fkP < 6psi)

(f) During the whole process, every time a switch occurs, the Hi-
Flow warning light should come on. This would also be an in-
dication of the status of the flow meters.

(4) H20 separator and temperature regulator check:

(5)

Ca)

(o)

Bus

(a)

(b)

Turn off the operational H20 separator

Observe temperature - it should remain steady at 450°F for a
short time and then rise.

When the temperature rises to 500"F (about 20 seconds after it
starts to climb) switch to the alternate H20 separator.

The temperature should drop to 450°F.

flag and load meter check:

Switch off non-essential bus switches

Observe flag indicators and change in load meter readings.
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Dependingon thereliability of the system and the confidenceof the crew in

the operation of the system, the following malfunctions may cause the crew
either to abort or to alter the mission profile.

(1) One H20 separator malfunctioning.

(2) One manifold malfunctioning.

(3) One fuel cell (or associated valving) malfunctioning.

The crew would probably not abort in case of a complete battery failure, as
the battery is used for re-entry, and they must re-enter under any type mission
or abort.

The entire check, as described above, would take in the vicinity of 10-12
minutes.

In-flight guidance systems check. This table is presented in the sequence
of the subsystem checks, it also defines the crew requirements and time nec-
essary for each check. The total time necessary to complete the systems
check is approximately 28 minutes.

e. Rendezvous

The Apollo system may also have a rendezvous with another manned space

station or an unmanned communications, reconnaissance satellite or refueling

system. The concept is that the veMcle will be ground launched, injected into
a planned orbit, complete a mechanical connection with the target vehicle (in

order to carry out the rendezvous function) and then return by a controlled
lar_ding to a designated landing area.

The purposes of rendezvous are multiple. Regarding unmanned reconnais-
sance and communications satellites, it is quite apparent that repairs and
maintenance will become necessary. Manned space platforms and laboratories
are also likely to require maintenance and repair. In addition, manned satel-
lite rendezvous is required for logistic purposes, crew rotation, and refueling.
The proposed Apollo space vehicle will adequately fulfill any of the mentioned
rendezvous missions. We have therefore attempted to analyze the crew func-
tions relative to the rendezvous mission.

Mission requirements. The major mission phases when utilizing the Apollo
system as a rendezvous veMele may be generally considered to be the follow-

ing: (1) prelaunch, (2) boost, (3) rendezvous, (4} de-orbit, (5) re-entry,
(6) re-entry completion and (7) landing. The phases pertaining to boost (2),
rendezvous (3) and de-orbit (4) are the only phases differing from other

regular Apollo vehicle missions. A rendezvous sequential activity analysis is
presented in this section with an interpretation.
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Prelaunch - - This initial phase concerns all events which occur in order

to check out and prepare the vehicle for launch, Vehicle crew and ground
command, through a sequence of preparatory checks, determine if all sub-

systems, (propulsion, guidance, control, communications, telemetry, powers
environmentalj etc.) are ready or functioning properly as design character-
istics of the Apollo vehicle require for actual launch.

Boost - - This phase includes all events between the time the actual firing
signal occurs and propulsion termination of the injection rocket. It must be
emphasized that the conditions existing at the time of burnout, determine and
control the vehicle's orbit, which is a result of the launching and powered

flight sequence (this may be considered as achieving a planned orbit).

Rendezvous - - The vehicle crew is concerned with attaining rendezvous
with the target satellite immediately after achieving orbit. The rendezvous
mission is achieved with the transportation of personnel and/or material to
the satellite vehicle through an attached air lock between both vehicles.
This is discussed below.

Guidance and control are critical in attaining rendezvous. Essentially the
crew must inject into the plane and orbit of the target vehicles. This is neces-
sary if the rendezvous vehicle is to remain in the proximity of the target satel-
lite within an arbitrary range; with only minor errors in the orbital plane, alti-
tude and other parameters.

The approach to and detection of the target satellite will be accomplished

by the crew members utilizing the radar altimeter, with displays indicating
the distance from the target, and the rate of approach to the target. After

lock-on has been made and the radar is tracking the target satellite, two dis-
plays, giving azimuth and elevation track angle readouts, are presented in
vehicle coordinates so that an area of search for visual detection is defined.

Visual detection of the target satellite is performed by a space scope dis-
play which presents an optically projected view (or an electronically projected
view) with a visual field of 80-90 degrees. The vehicle's external environment

during flight, and optical determination of range and look angles to the target
satellite, may be accomplished and determined by this display and its associ-
ated controls. The display screen will contain a vertical and horizontal inter-
secting crosshair in the center of the display area, which will serve as refer-

ences to aid in centering the target vehicle on the display screen. The target
_sp!ay-image horizontR! and vertical look-angles can be read directly from
the display.

The Apollo crew members, while concerned with the detection and approach
of the target satellite, will also have other critical areas of concern during a
rendezvous mission, e.g., guidance and control. In order to attain a planar
orbit similar to that of the target satellite, velocity, flight path angle, attitude,
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pitch, roll and yaw angles and rates need to be determined, corrected and/or

maintained. Latitude, longitude, inclination, vernier jet control and other
aspects of guidance and control information can be transmitted to crew mem-
bers, and controlling functions can be completed by them without additional
displays.

After guidance and control functions have brought the vehicle into a planar

orbit similar to that of the target vehicle with relative speeds and a maximum
distance of two hundred feet, actual contact may be completed in one of two

ways. A small rocket with an infrared seeker system with a cable attached
is fired from one vehicle to an infrared target on the other vehicle. After

cable connection, a reel brings the vehicles together and mechanical connec-
tion between the air lock and hatch is made.

The second method consists of a cable suspended on retracting arms of the
satellite which engages hooks on the other vehicle. The vehicles are stabi-
lized relative to each other, and the cable is then reeled to bring the vehicles

together so that the air lock and hatch are connected.

De-orbit - - This phase is initiated upon rendezvous completion. The con-
ditions of velocity, orientation of the velocity vector and altitude at the cutoff
of the retro-rocket thrust determine the angle of re-entry into the earth's
atmosphere.

Re-entry, completion and landing - - After leaving circular orbit the
vehicle is injected into a determined re-entry profile and into the designated
re-entry corridor, then terminates with a controlled landing at a designated
landing area.

2. Apollo Task Analysis

The Apollo task analysis is another method of describing man's functions
during a lunar orbit mission. Basically, it consists of a sequential list of the

crew's tasks and sub-tasks, along with those display and control parameters
which would ultimately enable the crew to accomplish their functions.

To understand the reason for a task analysis it is essential to first state
that the task analysis should not be viewed as the final goal of the human fac-
tors effort. The task analysis is of prime value when used as a basis for

further human factors efforts. The task analysis provides another systematic
method for studying the entire mission in both overall viewpoint and specific
detail.

a. Description

The lunar urbit mission was split into different phases (launch, coast, in-
Jection into trans-lunar orbit, trans-lunar orbit, injection into lunar orbit,
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lunar orbit, ejection from lunar orblt, trans-earth orbit, preparation for re-

entry, re-entry and landin8) and each of these phases examined to tdenttf3r two
things: 1) Those gross functions, accomplished by the crew, which are neces-
sary to complete the mission; and 2) those crew tasks which must be accom-
plished in order to success£ully complete each gross function.

An example of this would be the coast system's check (Task Analysis). The
system check is a gross function which will be important in the determination
of the probabilities of a successful mission completion. The system check is
then broken down into the tasks necessary to examine the operation of the vari-
ous sub-systems (communication system, propulsion system, guidance system,
etc.).

The first colu._ in the analysis, "Operational Phase", refers to the vari-
ous stages of the mission, e.g., launch, coast, trans-lunar orbit, etc. The
column headed "Lapsed Time" indicates the time that has elapsed since zero
time (at launch). The "Information" column presents the knowledge required
by the operator to perform the necessary tasks. The next column, "Reading,
Present-Desired", shows the initial display readings (if any) and the display
readings desired. The "Accuracy" column indicates the acceptable error tol-
erance in reading the displays. The column labeled "Controls" presents the
manual control the operator uses to carry out the task, and the following col-
umn, "Operator"_ refers to the functions that man is required to perform°
The last column_ "Notes", is self-explanatory.

b. Utility

(1) Separation of crew tasks

The crew tasks were examined and delineated by logical function (e. g.,
navigation, control of vehicle, monitoring system status, etc.). On the basis
of this separationD it was decided that there could be a division of the crew in-
to three areas, with some degree of overlap existing for the purposes of (a)
permitting continuous functions without disrupting the work-rest cycles and

(b) compensating for the possible incapacitation of any one of the crew mem-
bers.

The titles of the Apollo crew members are as follows: Pllot-Commander_

Navigator-Pilot and Engineer-Scientist. The actual duties of these members
are discussed in detail in another section.

li-I,V I Crew sea_ng and _o_,_#_:-_'_--deslgn

Once the functions were designated and assigned, the information require-
ments obtained from the task analysis were listed for each crew member.

Next, the information requirements for an Apollo lunar orbit mission were
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translated into individual displays and the displays were then integrated into
functional groupings, each grouping being placed at the pertinent crew member
station.

When the first display considerations were established, a rough estimate
of display area required per crew position was obtained. Then the available
display area at each position was examined and a preliminary "best fit" ob-
tained. This same process was repeated and refined as new information was

added from the engineering personnel until display console designs were final-
ized.

All changes in the system were included into the task analysis as they ap-
_peared, and the analysis was utilized throughout the entLre sequence of display

design.

Thus, the task analysis played an integral part in both the positioning of the
seats within the Apollo vehicle and the design of the displays. Without this
type of analysis, seating positions and display design would have been less
systematic, and seating positions might have required frequent changing with
subsequent consideration of further factors.

(3) Control design and placement

Controls in the Apollo vehicle were designed by much the same method as
the displays. First, lists based on the task analysis were compiled of both
continuous and non-_ontinuous control requirements (i. e., what to control,
when to perform the central action). Then, these lists were examined as to
the best type of control and the best position for the various control place-
ments. Knowing the purpose of the control and under what conditions it would

be used was instrumental in determining the type of control.

For example, it was determined from the continuous control list that al-

though there were different means of controlling the vehicle (attitude rockets,
aerodynamic control surfaces, main chute flap control) during different phases
of the mission, the control parameters (roll, pitch, yaw) remained the same.

The conclusion as to the most feasible way of controlling the vehicle during
these phases was to supply one 2-axis electric stick and one set of electric
yaw pedals and allow the pilot to switch modes of operation whenever neces-

sary.

The pull-rings on the sequencers for launch and landing are another ex-
ample of using the information in the task analysis in the design of the con-
trols. Pull-rings were utilized instead of buttons or toggle switches due to
the possibility of the accidental activation of these latter-type controls during
high-g maneuvers. Thus, by integrating and examining the information in each

phase of the task analysis, a more efficient design was effected.
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Again, in designing both the continuous and non-continuous controls, the
task analysis was invaluable in making this study more systematic and com-

prehensive than it would have been without the use of the task analysis as a
base and a constant reference source.

(4) Crew work load

Using the task analysis as a base, estimations were made of the times in-
volved with accomplishing both monitoring tasks and non-continuous control
tasks, and crew loadings were developed in terms of percentage of tlme oc-
cupied accomplishing each task. Thus, possible operator overload trouble
points were eliminated and sequences modified when necessary.

c. Task analysis
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b. Discontinuous control analysis

Based on the task analysis presented, a discontinuous control analysis was
conducted. The discontinuous control analysis involves the determination of
the time required by the operator to monitor displays and panels, check sys-
tems, and switch, communicate and perform all other discrete events. The

time requirements are established by either experiment, extrapolation from
previous data or by relating activity to human information processing rates.
In the case of Apollo the discontinuous analysis used both the task analysis and
the display-control configuration as a basis.

The activity analysis determines when an operator action or information

exchange takes place and how long it takes for each event. Knowing these, the
requirements for a given interval of time can be summed to determine what
amount of time the operator must devote to specific functions.

The preliminary workspace and equipment recommendation provides the

discontinuous analysis with a tangible starting point. The value of the analy-
sis is a function of the reality of the system definition. If the system changes
or is better defined later, the analysis is in a form which can be modified.

The events of the discontinuous analysis and their order of occurrence are

dictated by mission, equipment and safety requirements. The mission re-
quirements demand that certain events must occur at a particular time. Each

mandatory event is usually preceded and followed by ordered activity on the
part of the operator. Other events and monitoring requirements can be pre-
dicted from the equipment and safety considerations. The result of these
studies are operator workloads.

The frequency with which the operator must monitor a display can be
established by considering the permissible error or limit in relation to the
rate at which the parameter can approach the limit. The operator will need to
observe the parameter often enough to be able to observe any display variation
before it reaches a limit. The frequency of observation will vary with differ-
ent phases of the mission, i.e., fuel quantity will be observed more frequent-
ly as the reading nears empty.

An example of determining display monitoring frequency is the case of
monitoring CO2 in a closed environment. A maximum CO2 build--up rate
would occur if the absorbing system failed entirely. In such a case, the rate
of build-up would be dependent upon the volume of air involved, and the oper-

ator's CO 2 ou_ut. CO2 tolerance limits are well established, and a safe
level can be specified. Given these conditions, a rate of monitoring of the CO2
indicator can then be established.

The problem is to then determine how much time will be spent as a result
of a given event. The method used makes use of information theory and the
established data of experimental psychology. Correlation of estimates derived
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by this method and actual experimental data has proven very encouraging. In
handling the discontinuous events by information theory, each event is de-
scribed in terms of information content, i.e., bits of information. The amount

of information will depend upon the accuracy required of the reading, the dis-
play presentation, and the past history of the instrument scan. Voice commu-
nication can similarly be classified and assigned information quantity.

Determining the amount of time each event will require will then depend
upon the rate at which man can handle this information, or his "channel capac-
ity". Experimental data related to man's information handling capacity estab-
lish empirically channel capacities for man, which are then applied to the type
of information inherent in the event. In practice, this has produced results
which correspond to data obtained by conventional methods.

In the Apollo analysis the following aspects of the mission were chosen for
discontinuous analysis: Launch, Coast during 3rd stage shutdown, Orbit mon-
itoring, Navigational fix, Mid-course correction, Injection into lunar orbit,
Re-entry and Landing. The results of these discontinuous analyses are sum-
marized in Table 1-7. The operator workload is presented in Table 1-8.

C. CONTRIBUTION & UTILITY OF MAN IN APOLLO

In the course of conducting the analyses of the crew's functions on Apollo,
it became evident that the utilization of the crew also contributed directly to

the system.

One method of describing this contribution is to merely list the Involve-
ment of the crew with the spacecraft subsystems. Such a list is presented in
Table 1-9, which indicates the specific tasks that the Apollo crew perform In

the guidance, communications and electric power subsystems.

We were also concerned with attempting to quantitatively demonstrate
man's contribution to each subsystem, either in terms of weight, power, reli-
ability, flexibility, accuracy or cost. Quantification of man's contribution is
possible through the comparison of subsystems which include or exclude man

as an Integral component.

Three methods of quantification reliability, weight and power analyses of
subsystems, have been considered. A number of subsystems were analyzed
with and without man as an integral part of the system.

1. Reliability Analyses

a. Method

Man's contribution to the reliability of a subsystem is due to three factors:

ER 12008-1



If- 155

TABLE 1-7

Summary of Discontinuous Analysis Operator Workloads

Phase Discontinuous work load

(% of one man's tots/capsbl]/ty)

Lmmch Pflot/Comm._der- 57%
Nay/Pilot - 53%
Eng/Sci - 22%

Coast during third stage shutdown Special system checks prior to
lunar injection (Time required at
100% acuvity)

Pflot/Comm - 27.17 min
Nay/Pilot - 32.17 min

Eng/sci - 15.34 min

Navigation fix Pilot/Commander- 78%
Nay/Pilot - 30%

Mid-course correction Pilot/Commander- 61%
Nay/Pilot - 2%

Injection into lunar orbit Pilot/Commander- 26%
Nay/Pilot - 30%

Re-entry (1 hour prior to
Initiation)

(5 min prior
to Initiation'

Pilot/Commander- 38%
Nay/Pilot - 36%

Eng/Sci - 20%

16%
s%

35%

Landing Pilot/Commander- 17%
Nay/Pilot - 22%

E_/Scl - 2%
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Mission Phase

TABLE 1-8

TOTAL WORK LOAD ESTIMATES

Percent of 1 Man's Capability

P/c N/P E/S
Mission
Module Total

1. Launch 60

2. Coast during third- 60
stage shutdown

3. Injection 70

4. Separation from 100
Saturn

5. Trans-lunar orbit

a. Beginning 60

b. Orbit 45

c. Nay fix 100

d. Mid-course 61
correction

e. Injection to lunar 70
orbit

6. Lunar orbit 75

7. Injection to trans-
earth orbit

8. Trans-earth orbit

9. Re-entry

a. 1 hr prior period 85

b. 5 min prior period 60

c. Re-entry 80

i0. Landing 68

55 22

80 40

100 20

50 20

137

180

190

170

70 25 10 165

50 20 50 180

95 15 - 210

100 30 - 191

70 25 165

100 25 100 300

(Same as Trans -

65 35

45 80

65 25

60 15

Lunar)

185

155

170

140
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TABLE 1-9

Summary of Man's Functions in

Apollo Spacecraft Subsystems

Guidance Communications

Select guidance programs

Control vehicle attitude

Switch on automatic guidance
routine

Select correction times

Select aim points

Weigh ground llnk information

Weight and read in manual

guidance data

Select back-up guidance mode

Select checkout programs

Slew manual tracker

Voice communication

Switch from VHF to S-band
communication

Switch off C-band beacon

Switch off DSIF and S-band

beacon when space craft is
behind moon

Select onboard tapes for
transmission

Select guidance data for
transmission

Rotate antennas for optimum

reception

_.qw_.tch to KE band

Transmit special messages

during re-entry

Switch on HF recovery beacon

Electrical Power

_'_,4_^1, #,,,,M _,=11= I_ _aa,, n_¢ dl-_ |In nld_J_

Start battery charging system _ter battery is used

Switch from fuel cell bus to recovery bus

Switch on recove_ power unit

- -" .-:=El IT_'.:.
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(1) Simpler, and therefore, more reliable equipment can be used be-
cause of the inclusion of man.

(2) Redundant equipment is utilized on a standby basis, whereas with-
out man, active redundancy would be required in some cases. The
difference in reliability due simply to these two procedures is,
however, small. Standby redundancy is most advantageous during
a failure when the standby equipment can be used until the failed
module is located and replaced.

(3) Man, due to his utilization in the subsystem, replaces certain equip-
ment such as sensing devices, programmers, comparators, com-
puter and switching devices. Man can perform these functions under
moderate acceleration loads and vibrations, and also while weight-
less. Without man, such equipment would have to be added to the
subsystem and its reliability would be degraded.

An analysis of a subsystem can be performed by defining its reliability and
mode of operation during each mission phase. A differentiation in reliability
and mode of operation for the subsystem with man and without man must there-
fore be made.

b. Results

Man's contribution to the ApoUo on-board guidance subsystem was deter-

mined using the method described. The guidance subsystem was analyzed
with man and without man. Man's role was determined to be that of a sensing

device, programmer, comparator, computer and switching device. The nav-

igator-pilot,on the basis of his experience and judgment, utilizes the guidance

subsystem outputs in a flexiblemanner, since he has complete information on

desired and actual position, velocity, or attitude on which to base decisions of:

(1) Ifand when to abort.

(2) If and when to correct trajectories.

(3) Ifand when to change vehicle attitude.

The navigator can select aim points and correction times. He also checks
and monitors guidance subsystem performance and operation, thus providing
backup to the system. These monitoring and decision-making functions are
difficult to translate into predictions of subsystem performance.

The analysis consisted of determining the:

(i) Time duration of each mission phase.

(2) Guidance subsystem operation during each mission phase.
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(3) Reliability of each major component of the guidance subsystem.

Each of these steps is discussed more fully.

Time durations. An operational plan was specified for a 14-day Apollo
lunar orbit mission, including about 6.9 days in lunar orbit for scientific pur-
poses. The phases included: launch, third stage shutdown, injection into
translunar trajectory, positional fixes, midcourse corrections, translunar
transit, injection into lunar orbit, lunar orbit, ejection from lunar orbit,

positional fixes, midcoui-se corrections, trans-earth transit, re-entry and
landing.

Guidance subsystem operation. The equipment used during each phase of
the mission was specified. A careful distinction was made between equipment
used on standby versus active redundancy basis. Some equipment, used as

standby redundancy by man, would be used on active redundancy without man
(see Table 1-10).

Man's role in the guidance subsystem described implies that in the reli-
ability analysis of the subsystem without man, man's reliability should be
replaced by a small computer. This appears to be a conservative estimate of

the reliability contribution of sensors, programmers and computers which
would be necessary without man.

in analyzing the guidance subsystem without man, the following changes
were made; another switch and digital computer were used in place of man,
another inertial guidance platform was used in place of the backup platform
and an additional automatic star tracker was used in place of the manual star
tracker. Man's ability to check and monitor the performance of the guidance
subsystem will also contribute to its reliability and accuracy but these contri-
butions are not presently quantified and could not be used here.

Component reliability. An hourly failure rate was obtained for each major
component of the guidance subsystem. A failure rate was assumed for man,
since none was readily available for this type of task. The estimated failure

rate of the communications subsystem was included, since this system has an
important role in the guidance system during certain phases of the Apollo
mission. The failure rates for the propulsion and attitude control systems
were not included. Table 1-11 lists the hourly failure rates used in the reli-
ability analysis. These failure rates are only estimates and might be consid-
erably changed. They are used to compare the reliability of the guidance
system with man and without man. r_ is the relative contribution of man which
is of concern, not the actual reliabilities of the system or its major compo-
nents.

_q,_- "_lJlh,,._Uk |,ral • •
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TABLE 1-10

Summary of Estimates of Guidance
Subsystem Operation Times

MISSION PHASE

Ascent

_hird stage shut-
down and coast

Injection into trans-
lunar trajectory

Trans-lunar transit

(i)Coast
(2) Position fixes (6)

Injection into lunar
orbit

Lunar orbit

(l)Coast
(2) Position fixes (2)
(3) Scientific meas-

urements (6)
Ejection from lunar

orbit
Trans-earth transit

(1) Coast
(2) Position fixes (6)

Re-entry
Landing parachute

descent

DURATION AIP MIP AIT MST

(hr) % % % %

0.22 100 100 A 0 0
1.33 100 100 A 0 0

0.06 100 100 A 0 0

84.00 .......
66.00 100P 100 0 0

3.00 ea 100 100 P 33 33 A
0.03 100 100 A 0 0

165.95 ......
153.95 100P 100 0 0

3.00 ea 100 100 P 33 33A
1.00 ea 100 100 P 33 33A

0.03 100 100 A 0 0

84.00 ......
66.00 100P 100 0 0

3.00ea il00 100P 33 33 A
0.28 100 100 A 0 0
0.10 .....

GDC (2) COMM
% %

i00 A I00
100 A 100

100 A 100

M 100
2A --

i00 P --

100 A 100

5O

2A
i00 P
100 P --

100 A 100

-- 100

2A --
100P --
100 A 100
-- 100

AIP - Astro-inertial platform
MIP - Miniature inertial platform
AIT - Astro-inertial tracker
MST - Manual star tracker

GDC - Guidance digital computer

COMM- Communications

system

A- Active redundancy

P - Passive redundancy
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The following equations were used:

Series components - 1_ = e -(fA+fB + .... +fN) t

Two components in active redundancy - P = e-fA_e - fBt-e-(fA+fB) t

(i)

(2)

Two components in passive (standby) redundancy -

If fA= fs, P = e -fAtal÷fAt)

fAe-fBt-fBe-fAt

If fA_fB, P =

fA-fB

(3)

(4)

Where

P = probability of zero failures to time t, and

fA, fB, fN = hourly failure rates of components A, B, N.

The results of this analysis are shown in Fig. 1-1, which is a plot of the
degradation of the guidance subsystem reliability with time. Since the graph
cannot show the small fractional reductions in reliability for the very short
operational phases such as position fixes, the curves appear fairly fiat. It can
be seen from this figure that the guidance subsystem with man achieves a reli-

ability of. 874, whereas without man the reliability of the subsystem is only
• 735. It should be pointed out that new estimates are continually being made of
the values presented in Tables 1-10 and 1-11, especially Table 1-11. There-
fore, the reliability figures presented only indicate the relative contribution of
man to the Apollo guidance subsystem, not absolute values.

Fig. 1-2 presents the effects of redundancy upon the guidance subsystem
without man and indicates that at least triple redundancy is required for a
system without man to approach the reliability of a double redundancy system
with man.

2. Maintenance and Weight Analyses

Another method of quantifying man's contribution to various subsystems is
to consider the improvement in reliability of the subsystem due to human

maintenance (Ref. 1). This problem is considered in the first part of this
section. A number of mathematical models have been developed which quantify
the increase in subsystem reliability when a maintenance capability is consid-
ered. The previous analysis did not consider the additional improvement in
subsystem reliability due to man's ability to repair equipment. Repair is here
considered to involve detecting, locating, and replacing a failed module• An

improvement in the reliability of redundant equipment used on a standby basis
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TABLE i-Ii

Estimated Hourly Failure Rates for Major Components
of Apollo Guidance Subsystem

Component

Astro-inertial platform

Miniature inertial

platform

Guidance digital

computer

Astro-inertial tracker

M.nual star tracker

Man (with self-correction)

Switches

Communications system

During Coast
and Transit

0.000197

0.000132

O. 0O397O

0.000066

0.000033

0.000010

0.000100

0.000042

Hourly Failure Rate

During Launch, Injection,
Ejection, and Re-entry

0.001973

0.001315

0.039700

0.000657

0.000329

0.000100

0.000100

0.000417
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is possible provided; spare modules are available; functional (not necessarily
physical) replacement can be effected; the failure can be detected, located and
replaced before a second failure occurs; and the crew has sufficient time, free
from the pressure of other duties, to devote to maintenance (Ref. 2).

Thus, it can be demonstrated that the ability to perform maintenance, and
consequently improve reliability, is dependent upon equipment failure rates
and time required to repair a failure. The second part of this section con-
siders the related problem of the relationship of increased reliability due to

maintenance to increased weight due to spares.

a. Manned versus unmanned maintenance

The problem of manned versus unmanned maintenance is fraught with con-
ceptual as well as quantification difficulties. The latter at present are the
more difficult, i.e., actual failure rates of modules are not presently estab-
lished.

No comprehensive model seems feasible at this time. The best that can be
done is to indicate the assumptions which have been incorporated into various
mathematical models. Three types of failures have been assumed.

Type A--random failures (Poisson distributed). This type of failure is
explicitly considered in our models (hourly failure rates).

Type B--failures caused by severe environment (vibrations and shock of
launching, high humidity, etc.). These failures are considered by multiplying
the basic hourly failure rate by an appropriate environmental modifier.

Type C--failures caused by old age. Given adequate test and storage, and
considering that the maximum design duration of the mission is short, this

t..._ models.factor does not seem too important. It is not handled in _'o

In considering manned versus automatic maintenance, several classes of
maintenance seem plausible:

Class I--Certain modules can only be plugged in, and is accomplished by
man. Spares are not available for these modules for the automatic mainte-

nance system. A time (r) associated with repair by man (detect, locate, and
replace) is pertinent.

Class ii--In some cases plug-in modules may be __herent!y lighter than the

corresponding elements used by automatic maintenance systems (e. g. a trans-
istor module is lighter than a transistor module, plus fail-safe monitor and
switch).

6
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Class HI--System backup is considered to be the case where a module is
available to be plugged in or switched on as a backup to several active modules.
The difference between manned and automatic maintenance systems is the
weight and unreliability penalties imposed by sensors and switches of the auto-
matic system.

Class IV--In some cases it may be impossible to design the circuitry of an
automatic system to allow system backup. Hence, the automatic system with
a spare module for each module requiring backup (modular backup) must be

compared with the manned system using one module as a backup for several
active modules (system backup).

Under any of these classes of maintenance, or combinations of classes, the

expected human performance is superior to automatic (unmanned) maintenance.

b. Mathematical models

Model 1. The first model presents a method, previously derived by others
and in common use in reliability calculations, for calculating the reliabflities
of actively-and passively redundant components connected in series. The gain
in reliability associated with maintenance Class I, i. e., repair by man involv-
ing a finite length of time (r) to repair, is derived.

Assume the probability of failure on the part of any single element in time
t is approximated by f A t where _ t is "small", i.e. the probability

of failure at a given time is independent of the past history.

Let Po(t) be the probability of zero failures having occurred during time, t.

Po(t+/_ t)=(1-fA t)Po(t ) (1)

Po(O)= I (2)

(1) can be rearranged to the form:

Po(t+/kt)-Po(t)

At

= -f Po(t).

and taking the limit of both sides of this equation as /_ t approaches zero
we get:

dPo(t)

= -fPo(t) with Po(O) = i

dt
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and the solution:
-ft

Po(t) = e (3)

Let P( T > J_. ) be the probability that the time between failures ( T )
is greater than J-_. Accordingly P( T < _ ) is the distribution function for
the time between failures.

P(T > A£ )=e-fJ u

P(T<__ AA )= l-e -f_tL

and f ( _ ) the probability density for the time between failures is given by:
d

f(2X )=--P(T< ,_x )= fe -f 0, .

dJX

Let t be the average time between failures, which is the reciprocal of the
failure rate.

t': /_f(t) dt=/te -ft d t= _f.

Hence f is the failure rate.

We now define the reliability R (t) to be the probability of zero failures
during time t.

R (t) d_ f Po(t) .

The reliability of two elements A and Bin series is given by

RA _ B (t) =RA(t) " RB(t)=e-fA t . e-fBt=e-(fA+fB ) t . (4)

ER 12008-1



II-166

The reliability of two actively redundant parallel elements A and B, where
is the time required to repair a single element which has failed, is given

by:

{_r I_ -fA1m -fB T (5)
RA U B (t)= 1 - TfAe fB e d_

l dT

+/ t I/TT fAe -fA_l" -fBT 1lr -r fBe du dT

_ {_r I_ TfB e -fB_.,fAe-fATdu I d T

+/r _T T fB e -fB _-r du dT .

Note that if f = t we have the case where no repair capability is assumed.

Let us denote this reliability by Ro A U B (t) .

Ro A U B(t) =1- fA e-fA _u_fB e-fBT

fBe _ fA e

du I dT (6)

du] dT}.

The improvement in reliabilitydue to adding a repair capability is given by:

RAU B(t)-RoA U B (t)= fA e fBe dT

_0.
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Evaluating Expressions (5), (6) and (7) we find:

-fAr -fB r -(fA + fB ) r
RAU B(t) =e +e -e

-- e -e -i

(fA + fB)

(8)

for r___ t.

-fA t -fB t -(fA+fB) t
RoA U B(t) = e + e - e . (9)

-fA r -fA t -fB r -fB t
RA UB( t)-RoAU B(t) =e -e +e -e (10)

(fA+%)
_e-(fA+fB) t I

The reliability (probability of no failures at time t) has been derived for

active redundancy of two elements, A and B, for the case where a failed com-
ponent may be repaired in time r (expression (8), and for the case where it
may not be repaired (expression (9). The gain in reliability effected by in-
cluding the repair capability is given by expression (10).
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The reliability of two passively redundant parallel elements A and B, where
is the time required to repair a single element which has failed is given by:

RA U B(t) = 1 - fA e fB e d T (ii)

t T -fAJ_ -fB(T-J_- ) d_ldT}+_r I _T-r fAe fBe

Note that if _" = t we have the e_pression for the case where no repair

capability is assumed, again denoted Ro A U B (t) :

l/tl/T -fA_ -fB(T-2"_ ) JA]T I
Ro AU B(t) =1- fA e fB e d d (127

The improvement in reliability due to a repair capability being added is

given by:
(13)

=_t I/T-r -fA JA -fB(T- ]_" )d_]RAU B(t) -R oA U B(t) fA e fB e dT

_>O.

Evaluating expressions (11), (12) and (13) we find:

(fA e-fB r -fB e -fA r)
RA U B (t) = (14)

(fA -fB )

[ I e- Ar-'.t)- (fA-f B) e -I -e

for A_B, r_ t.

-fAr -fAt
RA 0 A (t) =e +fA r e for A=B, r___ t. (15)

ER 12008-1



-_f".............. _, II-169

RoA U B(t) =

-fB t -fA t

(fA e -fB e

(fA-%)

)
for A_ B B (16)

-fA t -fAt
RoA U A (t) = e +fA t e =e

for A = B.

t
(1+ fAt) (17)

RA U B(t) -RoA
I _fBr -fB t

U B(t)= fAfB (e -e )

(fA -fB ) fB

(18)

-fA r -fA t "1

(e -e ) e -(fA -fB) t|forA _ B.

J

-fA r -fA t

RAU A(t) -RoA U A(t)=e -e IrA(t-r) + 1] (19)

for A = B.

The reliability for passive redundancy of two elements has been derived for
the repair case (expression (14) or (15) and for the non-repair case (expres-
sion (16) or (17). The case of A _ B is treated separately from the case of
A = B. The gain in reliability due to repair is given by expression (18) or (19).

For the present let Ra(t) denote RA U B (t) for the actively redundant case

and Rp(t) denote R A U B (t) for the passively redundant case. It_(t)-Ra(t )
is the improvement in reliability effected by a change from active t'b passive
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-e -e du d T r

[ -fA_ -fB (T-_) -fA_ -fBT -fB_e e -e e -e

_0.

e

-fA -%T
-e e

(20)

fB -fB r fA -fAr

%(t)-Ra(t )- (%_%) e (fA-fB) e

-(fA +fB) r
+ e (21)

f 1( )_ fB e -(fA -fB ) r_l e -e

(fA-fB)

_A efB r far ii le-(fA+fB) r -(fA-fB)_

+ + fB e - -e

Expression (21) gives the gain in reliability by using passive redundancy
instead of active redundancy.

Model 2. An expression is derived for the reliability of a system of com-
ponents whose failure rates may vary in time. The expressions are compli-
cated by a need to consider whether the redundant components are in active or
passive redundancy, and by not succumbing to the inexact approximation that
the reliability of a redundant system during two separate time periods is the

product of the reliability of the system during the first period times the reli-
ability of the system daring the second period.

Consider the calculation of the reliability, without repair capability, of a

redundant system whose failure rates fA and fB are step functions of time,
and where the system may be in active redundancy during part of its operation
and in passive redundancy during the other part.
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Let us assume that there are h time periods tl, t 2 , .... , tn where
t I + . .. + t n = t, the total time of operation.

During each t 1 the failure rates are constant and it is specified whether the
system is in active or passive mode•

The reliability is given by:

n

R(t) =Po(tl) ..... Po(tn)+ _ Po(tl)Po(t2) ..... Po(ti_l) Ci
i--I

where

(1)

Po(tk )= POA

_d

(tk) Po B (tk) if the component is active

during t k

Po (tk )= Po A (tk ) if the component is passive

during t k .

ff the component is active during t i .

I tU 1C i= fAi e lB. e 1 du
1

• Po B (ti+ 1 + .... +tn) I

• fAi
• . Ci=

(fAi-fBi)

(e -fBi ti -fAi ti) (ti+1 +
-e POB

dT

.... + t n) if A i ¢ B i ,

and the component is passive during t i .
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-fAi t i

Ci fAit i e= POB (ti+ 1 + .... *t n) ff Ai=B i .

and the component is passive during t i •

- Ak %k
PoA(t k) = e PoB(t k) = e

-(fA1 tl+ .... + fA tn)

PoA(t 1 + .... +tn) = e n

PoB(t 1 + .... + tn) = e

t 1+ .... + fB n tn)

fat = constant value of fA throughout

fBi - constant value of fB throughout

t i

t i

Model 3. This model presents the gain in reliability of a manned mode of
maintenance over an automatic mode under the assumptions of maintenance

Class IV, namely, the situation in which man may allocate available spares to
the replacement of any pertinent module which may have failed. However, the
automatic mode of maintenance requires a spare module for each module re-

quiring backup.

The reliabilityof m elements in series, where the jth element has n(j) - I

spares in standby redundancy is given by:

R (t) = "77-" _ e {fit)

= L j=o ,il (1)

where fi is the failure rate of the ith element.
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If m elements of the same type are in series and n spares are available to
repair failures in any order that they may occur the corresponding reliability
denoted by R M (t) is given by:

n J -mft
RM(t ) = __ (mft) e

j=o j! (2)

where f is the failure rate of a single element.

Expression (2) gives the reliability associated with a manned mode of
maintenance, given n spares with which to maintain m like components.

If m elements of the same type are in series and n spares are available
to repair failures, and allocated such that the jth element has n (j) spares

( ._n(j ) = n) the corresponding reliability denoted by R A (t)available is
j ]."_

given by:

n 2 =l k j=o j! (ft)

"j_l n (j) = n

n(j) __O

= (ft) e (ft) e
\j=o j! j=o jl

m-s

where f is the failure rate of a single element and n = km+ s

where k=0, 1, ....... , and O _ s _ m.

Expression (3) gives the reliability associated with an automatic mode of
maintenance in which n spares are fixed in component back-up in such a
manner as to maximize the reliability of m like components.

If n_m,

(3)

RM(t)-RA(t)=e-_'_ L =o(mJ-n(n-1) .... J-V- (4)

which is much greater than zero if m is large.
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Expression (4) gives the difference between expression (2) and expression
(3), i.e., the additional reliability associated with a manned mode of mainte-
nance for a fixed number of spares.

Model 4. This model allows the calculation of the relationship between
weight and reliability by a manned mode or by an automatic mode of mainte-
nance. Under the assumptions of maintenance, Class KI, i.e., the manned and
automatic maintenance systems are equivalent except for the weight and un-
reliability incurred by the automatic system due to its switches and sensors.

Given a large number of identical modules n, it is assumed that a reason-
able allocation of spares is one spare to m modules, where mft = 1 = expected
number of failures.

n = number of identical modules,
f = modular failure rate
t = time on

m<__n

Given one spare for m modules:

tRA(t) = Po(t) + mf e
-m_f_ • e-fs_ e -mf (t-_ ) d

-mft -raft /" t
= e + mf e ,]o e -fs.z_

-fst 1mf (l-e )= e -raft I+_K__
S

mf fs t 2 1RA(t ) _-- e -mft 1+ mft - 2

d

(i)

[ JRM(t) = e -raft 1+ mft

-mft 2
RM(t) - RA(t) _-- e mffst

2

(2)

(3)
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where:

m = number of modules per spare; number of spares allocated is
one per m

f = failure rate of individual module

fs = failure rate of sensors and switches.

Expression (1) gives the reliability of the system with an automatic mode of

maintenance and expression (2) gives the reliability of the system with a man-

ned mode of maintenance. Expression (3) gives the gain in reliability of
manned over automatic modes of maintenance. The difference in weight is, of
course, equal to the increased weight of sensors and switches.

Model 5 /Special case of Model 3). This model allows the calculation of the
relationship between weight and reliability by a manned mode or by an auto-
matic mode of maintenance. Under the assumptions of Class IV, i.e., the

manned system has a spare module to back up several modules (systems back-
up), whereas the automatic system requires a spare module for each module
requiring backup (modular backup).

A system is considered to have K supermodules, where the failure rate FK,
the number of modules NK, and the time of use T K are given for each K.

N K
Each supermodule is split inton--_-K) - m k modules, where m k is

an integer for each K. n(K) represents the number of modular varieties and
m K represents the munber of modules in the variety which are identical. It

is assumed that spares will be allocated by man on a system redundancy basis
at the modular level, whereas the spares of the automatic maintenance system
can only be allocated for individual modular backup (Maintenance Class IV).

The failure rate fK of each individual module within the K th supermodule is

assumed to be FK . Without actual modular failure rates, this was the best

"_ N K

assumption to make since
i=1

mode of maintenance is given by:

fK = F K. The reliability for the manned

-fKtK I nK -mKfK t K j I n(K)R M (n) = T_ e .2E e (mK fK tK ) (1)
K j=o J!

where n is the total number of spares allocated, n K is the number of spares

allocated to the modules of the Kth supermodule, and

n =_ n K n(K) .
K
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R M (n) = R M (n-l) max
K

n k+ 1 _mKfKtK (mKfKtK)

e .jl
j=o

nK -mK fK tK (mK fK tK)

e j!

m

J

(2)

determines the graph of reliability versus number of spares.

The weight as a function of spares is given by:

K

W(n) = _ nK n(K) W K +Wo,
K=I

(3)

where W o is the initial weight and W K is the weight per spare for the Kth

module.

The reliability for the automatic maintenance mode is given by:

RA(n ) = _" e
K

-fK tK n K n(K) (4)
(1 + F K tK)

c. Analysis applied to Apollo subsystems

An analysis based on Model 5 was applied to the Apollo guidance and com-
munications subsystems. Only the electronics portion of the guidance sub-

system was considered and only the electronics of the deep space communi-
cations and telemetry portions of the communications subsystem were considered
for maintenance (See Table 1-12). The results of these analyses are presented

in Tables 1-13 (guidance) and 14 (deep space communications), and in Fig. l-
H-3 (guidance) and 1-II--4 (deep space communications). It should be pointed
out that spares axe allocated for manned maintenance to maximize reliability
per unit weight, and the same spares are allocated for automatic maintenance

according to Maintenance Class IV. This does not necessarily maximize reli-
ability per unit weight for the automatic maintenance system. That is, there

might be some better way of utilizing the same weight by a different allocation
of spares to a different supermodule. However, Model 5 shows that, for the

same weight of spares, manned maintenance (systems backup) is always
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TABLE 1-12

Assumptions about the Guidance and Deep Space Communications Subsystem

,_uidance subsystem (electronic spares only)

_0 = 42 pounds K = 3

Astro-inertial platform

F 1 = 0.000197

t 1 = 2,000

N 1 = 12

n(1) = 4

m I = 3

fl = 0.000016

w 1 = 0.25 lb

W01 = 12 lb

Astro-inertial tracker

F 2 =

t2 =

i

N 2 =

n(2) =

!
In 2 =

f2 =

[ W2 =

i W02 =

.000066

2O0

9

3

3

0.00000073

0.25 lb

10 lb

Guidance digital computer l

F3 = 0.003970

t3 = 200

N 3 = 40

n(3) = 10

m 3 = 4

f3 = 0.0000993

w 3 = 2.25 Ib

W03 = 20 ib

Deep Space Communications subsystem (electronic spares only)

W 0 = 68 pounds

PCM & PDM

systems

F 1 = 0.001646

tI = 336

N 1 = 60

n(1) = 10

m I = 6

fl = 0.0002743

W1 = 0.25 Ib

W 1 = 2.25 Ib

W01 = 40 Ib

K=5

On-board tape
recorder

F 2 = 0.000042

DSIF
transmitter

F 3 0.000399

DSIF Ireceiver

F 4 =0.000154

t 2 =, 336

N 2 = 14

n(2) = 7

t3 =

N 3 =

n(3) =

336 t4 =

I N 4 =

1 n(4)=

m 2 = 2

f2 = 0.000003

w 2 = 0.25 Ib

W 2 = 1.75 Ib

W02 = 9 Ib

m 3 = I

f3 = .000399

w3= 41b

W 3 = 41b

W03 = 4 Ib

336

i

i

m 4 = 1

f4 = 0.000154

w4= 1 lb

W4= llb

W04 = 1 lb

S-band
beacon

F 5 = 0.001934

t 5 = 336

N 5 = 20

n(5)= 10

m 5 = 2

f5 = 0.0000967

w 5 = 0.25 lb

W5 = 2.50 lb

W05 = 14 lb
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TABLE 1-13

Results of the Weight versus Reliability Analysis of Guidance

Subsystem with Manned or Automatic Electronics Maintenance

CUMULATIVE WEIGHT RELIABILITY

(lb) Manned Maintenance Automatic Maintenance

42.00

44.50

45.50

48.00

49.00

49.75

52.25

53.25

0.301

0.645

0.939

0.967

0.984

0.996

0.997

0.997

0.301

0.366

0.408

0.496

0.533

0.555

0.676

0.680

L

TABLE 1-14

Result_ of the Weight versus

Reliability Analysis of Deep Space Communications

and Telemetry with Manned or Automatic Electronics Maintenance

CUMULATIVE WEIGHT RELIABILITY

(Ib)

68.0

70.5

73.0

77.0

78.0

80.5

83.0

92.0

Manned Maintenance

0.246

0.470

0.812

0.918

0.964

0.983

0.993

0.999

Automatic Maintenance

0.246

0.340

0.373

0.422

0.442

0.609

0.668

0.675
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superior to automatic maintenance (modular backup). If maintenance is not
considered and redundant equipment is added to improve reliability, the picture
presented by Figs. 1-II-3 and 1-II-4 are even more favorable to manned main-

tenance. This is because electronic modules are very light when compared to
the overall weight of the component, and yet they represent a major source of
unreliability. The analyses, which are admittedly very crude, can be im-
proved in accuracy as more data about components and modules becomes
available.

3. Power analyses

It has been suggested that the crew of a space craft could be used as energy
source, to provide electrical or mechanical energy. There are two principal
reasons advanced for this suggestion:

(1) Man has a significant energy capability.

(2) It may be necessary for the crew to exercise to avoid the deleterious

effects of prolonged weightlessness on muscle tonus. This energy
should not be wasted.

Krendel (Ref. 3) has reviewed the existing data on the mechanical power
output of men, and has suggested a scheme for designing manpowered devices

for optimal power transfer from man to machine. From this work it is pos-
sible to estimate the available energy of man. Fig. 1-II-5 summarizes the
energy man can contribute to a system when given a set of equipment for such
purposes. In brief, he can continuously produce 0.13 horsepower or 97 watts.

With an eight-hour work day a man could produce about 800 watt-hours per day.
Fig. 1-II-5 also indicates the potential energy output for shorter periods of
time. Fig. 1-II-6 shows the additional energy output to be gained from extra
equipment and men. This energy is available for several purposes such as
mechanical actuation or electrical power supply.

A study has also been made of the use of manpower for electrical energy.
The Apollo electric power subsystem provides approximately 1800 watts. One
man can supply approximately 100 watts per hour for eight hours. This source
of power would be most valuable during the recovery period where 100 watts

are required for 72 hours. To accomplish this each man would have to be
sound and healthy following the landing, and the men would have to spell each
other for round-the-clock operation. This level of energy expenditure would
increase the food, water and oxygen requirements and place an increased
demand on the environmental control system for removal of carbon dtn_d_.

system also means increased electrical power requirements. If the crew were
provided with the appropriate equipment they could serve as a significant addi-
tional source of power in the event of an emergency.
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SUMMARY

We have in the preceding pages shown the functions and role man will have
in the system. We have also, as a result of our analyses, shown that the crew
contributes to the system:

(1) By increasing the reliability of the system.

(2) By decreasing the weight for subsystems when acting as a mainte-
nance source.

(3) By increasing the effectiveness of the system as It performs its mis-
sion because of the in-flight systems checkout procedure.

(4) By acting as a possible source of emergency power.

We will in the rest of the report discuss the contribution of man to the sys-
tem controlling the vehicle during re-entry and landing.
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HI. SPACECRAFT DISPLAYS AND ARRANGEMENT

We have discussed in great detail the functions of the crew within the Apollo
system. In order to ensure high crew performance consideration must be

given to the spacecraft arrangement, the displays for the crew and the modes
of vehicular control Also to be considered, are crew furnishings. This
chapter will present each of these areas in detail

A. SPACECRAFT DESIGN

i. Configuration

By reference to Fig. 1-HI-A an overall idea of the main lines can be gained.
The spacecraft is composed basically of a command module, a mission module
and a propulsion module. There are the following additional features:

The abort module consists of a multiple nozzle, truss-mounted rocket

which is carried ahead of the re-entry vehicle (command module).

The re-entry vehicle contains provisions for three crew stations, as well as
the equipment required for abort, re-entry and landing and survival after land-
ing. One crew station is a primary duty station to be manned at all times.
The other stations are minimal and provide redundancy and crew safety. The
crew is restricted to the re-entry vehicle during the launch and re-entry
phases of all flights.

Access to the mission module is provided by a connecting tunnel.

The mission module contains or supports all equipments except those de-

scribed for the re-entry vehicle. In addition, sanitary facilities, food facili-
ties and provisions for a primary scientific duty station are made.

The landing operation is to consist of a parachute descent followed by a
final deceleration to touch-down speed. This is provided by a retrorocket.

2. Command Module

The command module may be subdivided into external structure, internal

structure, recovery gear, surface controls, reaction controls, instruments,
guidance, communication, telemetry, instrumentation, power systems, fur-
nishings or equipment and environmental control for both personnel, equip-
ment and structure.

The external structure is considered to include the external heat shield, the
pressure shell and structural cooling water required during re-entry.
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The internal structure includes frames, posts, beams, flooring and provi-
sions attached to basic structures for equipment, seats, consoles and so forth.

The recovery gear consists of an l 1-foot diameter FIST ribbon drogue para-
chute, then an 81-foot Gltdesail parachute. These are provided with complete
backup. For touchdown, a single retrorocket is provided to reduce both ver-
tical and horizontal velocity to zero.

Surface control flaps are actuated by a hot gas generator acting on a motor
the output shaft of which drives a belt attached to a push rod on the flap.

Reaction controls are provided for both the command and mission modules.

Since the mission module controls are used for the space craft injection and
midcourse attitude control, the command module contains only those reaction
jets needed for re-entry and emergency use.

Power for the command and mission modules is provided by fuel cells
whose by-product of water supplies the crew.

There are three types of guidance utilized in the Apollo vehicle:

(1) The automatic guidance system consists of an inertial platform,
astrotracker, and computer.

(2) The manual guidance system consists of a telesextant, miniature
inertial platform, CRT, and utilizes the computer from the automatic
sy stem.

(3) The ground guidance system supplements on-board guidance by the
astronaut manually feeding the computer.

Instruments include velocity, altitude, attitude, accelerometer, back-up
gyro, position and course, cabin pressure, suit pressure, structural temper-
ature, periscope, control position, oxygen pressure, N2 pressure, sequencer,
warning lights and more which are discussed further later in ibis section.

Instrumentation includes cameras, vehicle telemetry data, scientific tele-
metry data, X-Band telemetry, and tape recorders.

The communications system includes:

(1) Voice communication--HF radio, UHF radio.

(2) Command receivers--UHF, HF, X-Band and decoders.

(3) Recovery communications--HF, UHF, beacons, batteries, lights,
dye markers, radar chaff and antennas.
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The furnishings and equipment include three seats, panels and consoles,

cockpit trim and insulation, survival kits, food, water (emergency), contain-
ers, and waste disposal units.

The environmental control system includes the heat exchanger, pumps,
water glycol tanks, storage, manifolds and plumbing.

The command module (see Fig. 1-HI-2) contains the astronauts and equip-
ments necessary for controlling the spacecraft during orbit, injection, ejection
and re-entry-recovery.

The following sections discuss in detail the information requirements for
control of the vehicle, the division of duties for the crew, the information re-
quirements for successful flight of the vehicle and a discussion of panel ar-
rangement and crew stations.

The display arrangement will be discussed in detail later in this Chapter.

The seating and Lighting will be discussed here for the command module.

Figure 1-IH-3 Lllustrates the seats in the command module. The seat was
designed to protect the crew member from the forces of acceleration and de-

celeration as well as provide him with a comfortable position from which to
work.

The total seat structure (the forward seats are oppositely pivoted) pivots on
an axis (Fig. I-HI-3) off-center of the crew memberVs forward axis to permit
ease of entrance to and exit from the work position. Because the Engineer-
Scientistts seat is on the rear bulkhead, it is not necessary for it to pivot. All
seats tilt forward (as in Fig. 1-IH-3, c) 10 degrees for launch from the nominal
position. The nominal position, all the way to the rear, is the re-entry posi-
tion. The restraint straps and connections are _,-_+1_, affLxed to the seat
structure and in no way affect seat movement.

The seat is adjustable for height from the floors and the back is adjustable
for tilt to suit each individual. The forward-backward tilt and up-down travel
are developed by electric jacks under the direct control of the individual.

Arm rests are provided which contain the control sticks. However, any
individualVs bucket portion of the seat may be installed with ease and does not

degrade the performance of the seat. The buckets are equally comfortable for

The seat is mounted on a piston (Fig. 1-IH-3, b and c) and further restrain-
ed by the bushing fixture at the seatVs head. On landing the total seat moves
downward and the piston crushes applicable material located in the piston well

(Fig. I-HI-3, b and c). The Engineer-ScientistVs seat operates exactly the
same but is restrained by its connection via a track and rollers system to the
rear bulkhead.
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The bucket portion protects the complete body (head, trunk, and legs) from

rearward body movement. The bucket also allows the legs to flex on landing.
Also contained within each seat is an emergency sanitation facility. The dis-
plays and controls within the command module are discussed in another section
of this report.

3. Mission Module

The mission module may be subdivided into module structure, furnishings
and equipment, environmental controls, reaction controls, electronic and in-
strumentation equipment, power systems and separation devices.

The external structure of the module contains the pressure shell supporting
longeron module separation system. The door or hatch way for main crew
entrance is positioned in the external shell (see Figs. I-HI-4 and 5). Also
positioned in the outer shell (interface of the command and mission module) is
the hatchway to the command module.

The internal structure contains flooring, supports and structures necessary
to support and mount all internal furnishings and equipment.

The mission module contains most of the supplies of oxygen, nitrogen and
filtering equipment; approximately half of the cooling system components and
a small part of the heat sink system. The command module supplies are re-
plenished automatically by those in the mission module as needed until re-

entry (module separation).

The mission module contains the reaction controls used in spacecraft in-
jection and midcourse attitude control It also contains one of the fuel cells.

Within the electrical control system the mission module contains the elec-
trical distribution racks and control panel.

Communication equipment contained in the mission includes the UHF re-
ceivers and transmitters, antenna multiplexers, S-Band transmitters and re-
ceivers, S-Band tracking beacon and C-beacon.

Instrumentation equipment includes a tape recorder, lunar camera, scien-

tific equipment racks and console, signal conditioning package, radiation de-
tectors, micrometeorite detectors, and solar flare detectors.

Furnishings and related equipment include the sanitation facility (seat),
potable water tanks, food and galley facility, waste storage cabinets and
associated racks.

Environmental controls include the water recovery system and storage
tanks, heat exchanger and fan system.

A IPI_pIL iqii.I • |L
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Propulsion items include the main engine, propellant tanks, vernier engine,
vernier propellant tanks and helium tanks.

In the mission module arrangement a scientific duty station, appropriately
designed for a particular mission, can be installed as a partially prefabricated
unit. In addition, sanitation facilities and life support equipments are planned
as a fixed part of the module.

When mission duration is sufficient to make equipment maintenance and/or
repair a necessity, this facility must also be located in the mission module.

Consideration of eventual use on the lunar surface suggests the orientation
shown for this module. Since gravitational effects will be encountered there,
it will be necessary to make "normal" direction supports for crew and equip-
meat. This is no penalty to the vehicle, since the launching accelerations are
also in this direction and are much larger in magnitude.

a. Configuration and workplace layout

The mission module is cylindrical in shape with domes on either end. En-
trance to the spacecraft while on the launch pad is through a 36-inch hatch in
one of these domes that is sealed after crew installation. Entrance to the

command module is gained through a 36-inch tubular passage in the top of the

mission module using steps provided on the racks beneath the passage (see
Fig. I-HI-5).

The working area within the module is 9 feet long, 38 inches wide and 75
inches high (decreasing to 68 inches on the ends).

Most of the astronaut activity in the mission module will be conducted while

seated on the feces collection unit restrained by straps since he will only be in
this module during weightless stages of the trip. From this position the as-
tronaut can use the galley, camera, scientific equipment, and, of course the
sanitation facilities, as can be seen in Fig. l-III-5. All these facilities are
within his reach while seated on the unit. To accommodate the astronaut fur-

ther, the feces collection unit will be track-mounted to allow better positioning
for long term tasks. The astronaut has access to the environmental control
unit and electrical racks at the opposite end of the module if and when he needs
access for maintenance on extended flights.

The remainder of this section will describe in very limited detail the mis-
sion module ms_in task equipments.

b. Scientific station

There are an unending number of scientific missions conceivable for the
Apollo spacecraft. These are a few examples:
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(I) Measurements from an orbit of the moon of its gravitational fields.

(2) Measurement of the moon's thermal balance.

(3) Spectrometer measurements of the moon's atmospheric composition

and density.

(4) Radiation measurements in deep space.

(5) Spectrometer measurements of the moon's crust composition and

density.

(6) Survey of the moon's crust after lunar landing.

Of necessity, various equipments will be needed for even the few examples
mentioned. Within the initial design of the vehicle both space and weight will
be allowed for anticipated equipments. Their location is noted in Figs. l-III-4
and 5.

c. Sanitationfacilities

Feces collection unit. Figure l-III-6 illustrates the recommended AMF
waste collection unit. To operate, the man straps himself to the seat center-

ing his anus over the form-fitting ring. The center drawer (Fig. l-III-7) is
then moved forward and a disposable feces bag unrolled and inserted through
the form, with the top stretched over the form and bottom pulled down into the

retaining clip. The drawer is then returned under the seat so that the snap-on
connector engages a vacuum line. During defecation the man operates the flush
lever to throttle the flow of cabin gas (1) through a sponge lining between the

bag and anus, (2) through the bag to drag feces downward, (3) through a sponge
in the bottom of the bag and (4) out to space through the throttle valve. After
defecation, the man increases the flush rate, operates the pinchers which
causes the feces to be trapped in the bottom of the bag He then wipes himseK,

stuffs the paper in the open top of the bag, moves the drawer forward (which
closes the vacuum line), opens the pinchers, removes the bag (thus allowing
the top to contract and have the paper serve as a closure) and puts it into stor-

age.

Urine collectionunit. Figure l-III-7illustrateshow the center drawer can

accommodate the portable urine collection unit developed by AMF. To operate,

the bottleunder the bellows is squeezed to collapse the bellows and the penis

inserted into the tulip-shaped receptacle. During micturition the crew mem-

ber pushes the spool valve on the front of the unit open and allows the bellows

to expand at a rate sufficientto provide a slightsuction on the penis. When

micturition is completed and the bottlefully expanded, the spool valve is

pushed to the closed position to close off the bottle and vent the penis recep-
tacle. The urine can then be transported to the water recovery system, and

directly transferred into the contaminated water storage. After emptying, a
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disinfectant should be placed into the bottle to minimize bacteria growth upon
refilling. When not being used, the bellows is pushed down and the cover kept
closed.

The feces and urine collection unit* enables the man to perform defecation
and urination comfortably although not simultaneously. The seat of the unit is

approximately 15 inches from the floor which is adequate for support and to
enable him when seated to place his feet in the thrust toe holds provided. The

seat itself is shaped to support the suited body as well as the unsuited body.
The backrest of the unit is also shaped to the body and has side braces to pre-
vent the buttocks and thighs from horizontal motion.

The feces and urination collection unit assembly pulls out from under the
seat section when needed. At all other times the unit is retracted and the san-
itation unit serves very adequately as a seat from which the crew member can
operate the mission module controls.

The sanitation facility also includes the hygienic station which is the storage
and disposal cabinet for the prewetted sponges.

Vomit receptacle. In the event that a crew member experiences incoerci-
ble vomiting, the regurgitated matter can simply be collected in a bag fabri-
cated from a plastic which is permeable to gas_ but will retain liquids and
solids. Such a bag would enable the crew member to tightly seal the neck of
the bag to his face around the mouth, and yet allow expelled gases to permeate
the bag, thus preventing pressure buildup in the bag. The AMF teflon-coated
fabric, with controlled pore sizes, could be used for this application.

Waste stowage facility. Waste will be stowed in a plastic bag with chemi-
cal agents in a refrigeration locker next to the environmental control system.

d. Galley facilities

For the initialflights, foods will be simple_ needing no cooking or refrig-
eration. More detail can be gained from Chapter IH of this report. The galley
facility is located directly in front of the crew member (see Fig. 1-III-4).

e. Camera

The camera will be mounted external to the mission module with internal

access to the film packs. A two-degree gimballed mirror will be used to al-
low image movement. Controls for the mirror will be internally mounted.
There is a locker for film stowage close to the camera controls.

* Study done by the American Machine and Foundry Company for The Martin
Company.
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f. Movement of astronaut

Some form of contact adhesive between the astronaut and his walkways will

be provided. The astronaut's shoes, the floors, the seat of his pants and any
chair should contain some form of contact adhesive to assist him in moving

about in weightlessness.

B. DETERMINATION OF INFORMATION REQUIREMENTS

An important consideration in the design of a manned vehicle is the presen-
tation and use of displayed information. Since man's performance outputs with-

in the Apollo system are to some extent dependent on the information presented
to him, the integration of displays and contr3ls was emphasized. Of particular

importance are the type and number of displays, the method of display system
integration and the operator stations. However, in order to consider the dis-
play and control system, delineation of the information requirements for the
various mission phases was necessary.

The initial step in determining the information requirements was the study
of mission objectives, probable equipment and probable procedures. The next

step was the development of a task analysis to provide a systematic method for
studying the entire mission both from an overall viewpoint and in detail. The
task analysis as stated earlier details the time line progression of the mission,
the operator's objectives, possible actions, and briefly, information require-
ments. The information requirements for each operational phase are classi-

fied as to accuracy and range.

The task analysis was reviewed and summarized into Tables 1-15, 1-16 and
1-17. Table 1-15 "Operator Information Requirements", delineates the detail-

ed information requirements for the various mission phases and groups the in-
formation into related categories which can be instrumented and displayed.
This tabulation is necessary for developing the preliminary layout or "model"
for the display system and will also serve as a guide for instrumentation de-
velopment. Tables 1-16 and 1-17, "Operator Display Requirements" and

"Operator Control Requirements" summarize the display and control require-
ments of the vehicle.

Tables 1-16 and 1-17 furnish the necessary material to transform the in-
formation requirements into display and control form and allow the establish-
ment of operator stations. Thus, the task analysis and the resulting informa-

tion and control requirements provide a starting point for the specification of
operator stations, operator tasks, displays and controls, as well as needed
automation.
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TABLE 1-16

Operator Display Requirements

System

Environment

Warning

Ten-inch Scope
Display (2)

Scope Control Panel

Flight Control
Display Group

Part

Command Module and
Mission Module

Press 12
Press 5

CO 2 partial pressure (2) Message
02 partial pressure (2) Message

Relative humidity Message
Tempe rature Me ssage

02 quantity (2)

02 emergency

N 2 quantity

Suits

CO2 partial pressure

02 partial pressure

Pressure (Total) (3)

Hold 1
Hold 2
Hold 3

Diversified information

display

(3)
(3)

Message

No. 1 computer printer (2)
No. 2 computer printer (2)

Message
Message

Type of Display

lights
lights

lights
lights
lights

lights
lights

Message lights
Message lights

Message lights

Landing track generator (2)
Course error pattern (2)
Periscope camera (2)
Printer recall (2)

Attitude display (2)

Info switch button
Info switch button
Info switch button

10-inch kinescope

Info switch button
Info switch button
Info switch button
Info switch button
Info switch button
Info switch button
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TABLE 1-16 (cont)

Operator Display Requirements

System

Related Instruments

(3)

Re-entry and
Landing Sequence
Lights

Major Systems
Status

Part

Inertial altitude

Inertial velocity

Temperature (3)

tgV

(angle of attack)

L/D (lift/drag)

Pitch rate

Roll rate

Yaw rate

Pressure altitude (2)

'q' (2)

Standby stability (2)

Mission module separate
Drogue chute

Main chute

Landing probe

Retrorocket

Main chute release

Information on system
operation malfunction

Type of Display

Readout counter
Readout counter

Vertical columns

Vertical meter

Vertical meter

Vertical meter

Horizontal meter

Vertical meter

Horizontal meter

Meter

Meter

Meter

Message light
Message light

Message light

Message light

Message light

Message light

Message lights

(3)

ER 12008-1



HI-31

TABLE 1-16 (cont)

Operator Display Requirements

System

Attitude Propulsion

Flap system

Part

Oxidizer

temperature

pressure

pounds remaining

temperature

pressure

pounds remaining

Fue___/1

Total on-time remaining

System 1
Roll
Pitch
Yaw
2

Roll
Pitch
Yaw

System

Arm

Ready

Fuel pressure

Fuel quantity

System pressure

1/2-inch mechanical

1/2-inch mechanical
1/2-inch mechanical

Type of Display

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Readout counter

Warning lights (4)
Warning lights (2)
Warning lights (2)

Warning lights (4)
Warning lights (2)
_arn_g lights (2)

Warning light

Warning light

Vertical meter

Vertical meter

Vertical meter

Position
1
2
3

Position indicator
Position indicator
Position indicator
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TABLE 1-16 (cont)

Operator Display Requirements

System

Slide projection

Astro-Inertial
Platform Control

Group

Timer

Part

Slide projection

Star select

Landmark select

Type of Display

Screen

Digital readout

Digital readout

Azimuth

Elevation

Align

Slew

Cage/uncage

Off

Star search/found

Star align/track align

Digital readout

Digital readout

Iv.To switch

Info switch

Info switch

Info switch

Info switch

Info switch

Planet track

CW

CCW

up

Down

Time to: (3)

Hours minutes seconds

Info switch

Info switch

Info switch

Info switch

Info switch

Digital readout
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TABLE 1-16 (cont)

Operator Display Requirements

System

Seven-inch Scope

Display

Scope Control Panel

Launch Sequence
Lights

Part

Elapsed time
Hours

Minutes
Seconds

1 Man. Automatic

2 Man. Automatic

Warning (3)

Diversified information

display

No. 1 computer printer (2)
No. 2 computer printer (2)
Landing track generator (2)
Course error pattern (2)
Periscope camera (2)
Printer recall (2)

Type of Display

Digital readout
Digital readout
Digital readout

Digital readout

Digital readout

Warning light

7-inch kinescope

Info switch button
Info switch button
Info switch button
Info switch button
Info switch button
Info switch button

1st stage enable

1st ignite

1st separate

2nd ignite

Tower separate

2nd separate

3rd ignite

3rd cutoff

3 rd re- ignite

3rd cutoff

Message light

Message light

Message light

Message light

Message light

Message light

Message _,_k,lJL_lb

Message light

Message light

Message light

__2: : ..... IT""
ER 12008-1
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TABLE 1-16 (cont)

Operator Display Requirements

System

Computer control
(N/P)

Part

3rd separate

General cutoff

Manual tracker
Star

Landmark

Occultation
Star

Body latitude

Time

Point tracking
Star

Landmark

Computer address

Off

Ready

Standby

On line

Transfer store

Insert

Verify

Clear

22

Type of Display

Message light

Message light

Digital readout

Digital readout

Digital readout

Digital readout

Digital readout

Digital readout

Digital readout

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button
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TABLE 1-16 (cont)

Operator Display Requirements

System Part

Computer Control
Panel (P/c)

Main Propulsion

Standby
On line
Power

Digital readout

Insert

Verify
Clear

Data address (16)

O 2
Pressure

Tempe rature
Quantity

H2
Pressure

Temperature

Quantity

Valve pressure

Chamber pressure

Solenoid temperature

Type of Display

Info switch button
Info switch button
Info switch button

Counter

Info switch button
Info switch button
Info switch button

Info switch button (16)

Horizontal meter
Horizontal meter
Horizontal meter

Horizontal meter
Horizontal meter
Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Miniature Inertial

Platform

Valve failure

Align

Slew

Cage/uncage

Warning light

Info switch button

Tn_n_foswitch button

Info switch button
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TABLE 1-16 (cont)

Operator Display Requirements

System

Autopilot

Message Command
Panel

Communications

Part

Angle of attack

,g,

Lift/drag

Temperature

A B C D (4)

1 2 3 4 5 6 (6)

Reset (i)

230-Mc telemetry

Receiver 1

Receiver 2

Transmitter 1

Transmitter 2

Re-entry receiver

Re-entry transmitter

Deep space telemetry

Type of Display

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Receiver 1

Receiver 2

Transmitter 1

Transmitter 2

Info switch button

Info switch button

Info switch button

Info switch button
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TABLE 1-16 (cont)

Operator Display Requirements

System Part

Recovery

HF

VHF

Beacon

Both

PCM

PDM

Voice

Position 1

Position 2

All

External

Hi-speed

Recorder 1

Recorder 2

Speed level high

Speed level low

low speed

Type of Display

Info switch button

Info switch button

Info switch button

Info switch button

Lifo switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

hffo switch button

Info switch button

Info switch button

Info switch button

Info switch button

Record

Rewind

Playback

Info switch button

Info switch button

Info switch button
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TABLE 1-16 (cont)

Operator Display Requirements

System

Reactants

Part

S - band beacon

1

2

C - band beacon

1

2

Space antenna

Slave
Train
Erect
Off

Azimuth

Elevation

Hydrogen:

Type of Display

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button

Info switch button
Info switch button
Info switch button
Info switch button

Dial

Dial

Quantity

Pressure

Oxygen
Quantity

pressure

Hi-flow (hydrogen)

Hi-flow (oxygen)

Hi-flow }Overtemperature
Low A p

Fuel cell
1

Horizontal indicator

Horizontal indicator

Horizontal indicator

Horizontal indicator

Message light

Message light

Message light
Message light
Message light
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TABLE 1-16 (cont)

Operator Display Requirements

System

Cabin Cooling

Electrical Power
Panel

Part

Hi-flow }
Overtemperature Fuel cell
Low/_ P 2

Hi-flow }
Overtemperature
Low A p

Temperature

Fuel cell

Type of Display

Message light
Message light
Message light

Message light
Message light

H2 Ap

02 Ap

N2 pressure

Pressure

Temperature

Fuel cell 1 - Amps

Fuel cell 2 - Amps

Fuel cell 3 - Amps

Trip 1

Trip 2

Trip 3

External power

Recovery bus

Message light

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal meter

Horizontal '_maete r

Horizontal ammeter

Horizontal ammeter

Warning light

Warning light

Warning light

Indicator light

Indicator light

ER 12008-I



m-40

TABLE 1-16 (cont)

Operator Display Requirements

System

Environment

Part

Mission module
Essential bus
Non-essential bus

Command Module
Essential bus
Non-essential bus

Voltage indication

Overcharge

Battery

Recovery power unit

COMMAND:

Partial pressure CO 2

Partial pressure 0 2

Cabin pressure

Temperature

N 2 Supply

0 2 Supply No. 1

Emergency O_
Relative humi_ity

MISSION:

Partial pressure CO 2

Partial pressure O 2

Cabin pressure

Type of Display

Indicator light
Indicator light

Indicator light
Indicator light

Voltmeter

Indicator light

Indicator light

Indicator light

Vertical meter

Vertical meter

Vertical meter

Vertical meter

Vertical meter

Vertical meter

Vertical meter
Vertical meter

Vertical meter

Vertical meter

Vertical meter
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TABLE 1-16 (cont)

Operator Display Requirements

System

Environment -

(cont)

Part

Temperature

SPACE

Radiation:

Rate

Dose

Meteorite impact
A

Type of Display

Digital readouts (5)

Digital readouts (5)

Digital readout
B

C
D

Solar flare

Intensity

Class
1
2
3

Digital readout

Digital readout

Digital readout

Vertical meter

(Peak reading)

Info switch button
Info switch button
Info switch button

Communications Output power - watts

Modulation level - %

Supply voltage - volts

Gain control

Meter

Meter

Voltmeter

Meter

Vertical meter
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TABLE 1-16 (cont)

Operator Display Requirements

System

Navigation
Corrections

Angle A

Angle B

Angle C

Av

Time

Part Type of Display

Digital readout

Digital readout

Digital readout

Digital readout

Digital readout
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TABLE 1-17

Operator Control Requirements

System

Attitude Propulsion

Seven- Inch Scope

Ten-lnch Scope

Scope Display Control

Part

Off, System 1, system 2

Ready, arm

Contrast

Brightness

Brightness (scope) and OFF

Focus (scope)

Electrical focus (camera}

Optical focus (camera)

Azimuth adjustment

Elevation adjustment

Seven-lnch scope

No. 1 computer printer

No. 2 computer printer

Landing track generator

Type of Control

3-position toggle
switch

2-position toggle
switch

Rotary knob

Rotary knob

Rotary knob and
switch

Rotary knob

Rotary knob

Rotary knob

Rotary knob

Rotary knob

Push buttons

Push buttons

Push button

Course error pattern

Periscope camera

Printer recall

Push button

Push button

Push button
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TABLE 1-17 (cont)

Operator Control Requirements

System

Computer Control

Cabin lighting
controls

Part

Ten-inch scope
Sameas 7-inch scope

For both scopes:

Printer recall code

Five letter keys (A-E)

Five number keys (1-5)

Type of Control

Pushbuttons (5)

Pushbuttons (5)

On line

Standby

Ready

Off

Insert

Verify

Clear

Digital keyboard - 1-10

Data address (16)

Selector knob" All, cabin
only-emergency

Brightness adjustment

Push button

Push button

Push button

Push button

Pushbutton

Push button

Push button

Push buttons

Pushbuttons

(10)

5-position rotary
selector knob

Rotary knob
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TABLE 1-17 (cont)

Operator Control Requirements

System

Cabin lighting
controls (cont)

Part

Transfer store

Control selection:

Parallel
Auto
1 Manual
Auto
2 Manual

Program selection:

Ascent
Midcourse
Orbit

Re-entry
Land

Manual tracker:
Star
Landmark

Occultation:
Star

Body Latitude
Time

Point tracking:
Star
Landmark

Type of Control

Push button

5-position rotary
select switch

5-position rotary
select switch

Rotary thumb wheel
Rotary thumb wheel

Rotary thumb wheel
Rotary thumb wheel
Rotary thumb wheel

Rotary thumb wheel
Rotary thumb wheel

Environmental Hold 1 - hold 2 - hold 3 Push buttons (3)
warning lights

Astro-Inertial Star select elevation Rotary thumb wheel

Platform Control Landmark select

Elevation

Azimuth

Rotary thumb wheel

Digital readout

Digital readout
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TABLE 1-17 (cont)

Operator Control Requirements

System

Platform Control

(cont)

Flap System

Part

Train elevation (up, down)

Train azimuth (cw, ccw)

Tracking, off

Star search, star find

Star search, track align

Planet track

Planet track

Earth Moon
R, L, Off, R, L,

Platform: align

Platform: slew

Platform: cage, uncage

Azimuth slew

Platform slew: slave,
automatic, manual

Elevation slew

Off, on, deploy

Type of Control

Push buttons

Push buttons

Push buttons

2-position micro
switch

2-position micro
switch

Push button

5-position rotary
selector knob

Push button

Push button

2-position micro
switch

Rotary knob

3-position selector
knob

Rotary knob

3-position rotary
select knob
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TABLE 1-17 (cont)

Operator Control Requirements

System

Miniature Inertial
Platform Control

Main Propulsion

Communication

Control

Part

Align

Slew

Cage, uncage

Platform slew:

Slave, automatic, manual

Elevation slew

Azimuth slew

Off: main valve, auxiliary
valve

230-Mc telemetry

Receiver No. 1

Receiver No, 2

Transmitter No. 1

Transmitter No. 2

Re-entry

Receiver

Transmitter

Type of Control

Push button

Push button

Push button

3-position rotary
selection knob

Rotary knob

Rotary knob

3-position rotary
selector knob

Push button

Push button

Push button

Push button

Push button

Push button
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T_LBLE 1-17 (cont)

Operator Control Requirements

System

Communication
Control

Part

Recovery

HF

VHF

Beacon

Deep space telemetry

Receiver No. 1

Receiver No. 2

Transmitter No. 1

Transmitter No. 2

Type of Control

Push button

Push button

Push button

Push button

Push button

Push button

Push button

S-bandbeacon

No. 1

No. 2

C-band beacon

No. 1

No. 2

Space antenna

Azimuth

Elevation

Slave

Push button

Push button

Push button

Push button

Dial knob

Dial knob

Push button
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System

Communication
Control

TABLE 1-17 (cont)

Operator Control Requirements

Part

Train

Erect

Off

Modulation

Both

PCM

PDM

Voice

Modulation

Volume

Voice intercom

Volume

Position 1

Position 2

All

External

Type of Control

Push button

Push button

Push-button

Push button

Push button

Push button

Push button

Rotary thumb wheel

Rotary thumb wheel

Rotary thumb wheel

Push button

Push button

Push button

Push button
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TABLE 1-17 (cont)

Operator Control Requirements

System

Communication
Control

Automatic Stabili-
zation Control

System

Part

Recording

Recorder No. 1

Recorder No. 2

Speed level-high

Speed level-low

Record

Rewind

Playback

ASCS system: on, off

Damper: on, off

Attitude hold

Automatic sequence
Off

Roll angle select

Angle of attack, hold

'g' hold

Lift/drag, hold

Temperature profile, hold

A/P disengage

Pitch adjust

Type of Control

Push button

Push button

Push button

Push button

Push button

Push button

Push button

Toggle switch

Toggle switch

3-position rotary
select

Rotary adjust knob

Push button

Push button

Push button

Push button

Switch on hand control

Rotary thumb wheel
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TABLE 1-17 (cont)

Operator Control Requirements

System

Radar Altimeter

Control

Slide Projector

Message Command

Part

On-o__ _

Standby

Off

On

Mod____ee

Moon

Earth

Beacon

Selector

Selector

On-off

FOCUS

Select

Four letter selectors

Six-number selectors

Reset

Type of Control

3-position selector
knob

3-position selector
knob

Multiple position
rotary selector knob

Multiple position
rotary selector knob

2-position toggle
switch

Rotary knob

Push button

Push buttons (4)

_usn buttons (5)

Push button
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TABLE 1-17 (cont)

Operator Control Requirements

System

Off-Re-entryStandby stability

Lights and Controls

Landing Sequence
Lights and Control

Abort

Part

First stage enable

First stage separate

Tower separation

Second stage separate

Third stage cut off

Third stage cut off

Third separate

General cut off (abort)

Mission module separate

Drogue chute deploy

Main chute deploy

Landing probe

Retrorocket firing

Abort handle

Type of Control

3-position toggle
switch

Guarded push uutton

D pull ring

D pull

D pull

D pull

D pull

D pull

D pull

ring

ring

ring

ring

ring

ring

D pull ring

D pull ring

D pull ring

D pull ring

D pull ring

Double action handle

(commander station

Other stations -
electrical
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TABLE 1-17 (cont)

Operator Control Requirements

System

Timer and Sequence
Indicator

Part

Parameter select

Parameter select

Parameter select

Warning signal

10 sec

60 sec

10 min

10 sec

60 sec

10 rain

10 sec

60 sec

10 min

Select parameter

Decrease/increase

Timer 1

Manual/automatic

Start

Beset

Type of Control

Rotary thumb wheel

Rotary thumb wheel

Rotary thumb wheel

Push button

Push button

Push button

Push button

Push button

Push button

Push button

Push button

Push button

Selector knob

Toggle switch

Toggle switch

Push button

Push button
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TABLE 1-17 (cont)

Operator Control Requirements

System

Timer and

Sequence Indicator

Reactant Control

Part

Timer 2

Manual/automatic

Start

Reset

Tank selectors

H2 main on-off

H2 auxiliary on-off

0 2 main on-off

0 2 auxiliary on-off

Manifold selectors

Left and right

Left and right

Fuel cell indicator

selection (4)

Water separator

No. 1,No. 2,off

Radiator No. 1, No. 2,

N 2 increase

Type of Control

Toggle switch

Push button

Push button

2-position toggle
switch

2-position toggle
switch

2-position toggle
switch

2-position toggle
switch

2-position toggle
switch

2-position toggle
switch

4-position rotary
selector switch

3-position rotary
switch

2-position rotary
switch

Push button
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TABLE 1-17 (cont}

Operator Control Requirements

System

Electric Power

Part

Fuel cell No. 1

Off-on low-on high

Fuel cell No. 2

Off-on low-on high

Fuel cell No. 3

Off-on low-on high

Battery-off, charge-on

Mission bus, off-on

Command bus, off-on

Recovery bus, off-on

Voltmeter selector

(7-positions)

Off-fuel cell 1-

fuel cell 2-

fuel cell S-

battery, c.m.ess-
m.m.ess.

Voltage regulation

Manual- automatic

Type of Control

3-position rotary
selector knob

3-position rotary
selector knob

3-position rotary
selector knob

3-position rotary
selector knob

2-position toggle
switch

2-position toggle
switch

2-position toggle
switch

7-position rotary
selector knob

2-position toggle
switch
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Operator Control Requirements

System

Communication

System Monitor

Part

Transmitter output
Power select

230-mc telemetry-No. 1
and 2

DS telemetry, No. 1 and 2

Re-entry

S-band No. 1 and 2

C-band No. 1 and 2

Transmitter Modulation
Level select

(same as above)

Receiver supply
Voltage

230-mc telemetry-No. 1
and 2

DS telemetry, No. 1 and 2

Re-entry

Receiver gain control

(same as above)

Type of Control

8-position rotary
selector knob

8-position rotary
selector knob

5-position rotary
selector knob

5-position rotary
selector knob
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TABLE 1-17 (cont)

Operator Control Requirements

System

Correction Data

Display

Part Type of Control

Cabin Cooling
Control

Function selector knob

Angle, A- angle, B- angle
C-/k V- time

Decrease and increase

Enable

Selector 1, 2 t 3, 4, 5

Command module fans

i,off, 2

Recovery fans
on-off

5-position rotary
selector knob

3-position toggle
switch
Push button

5-position rotary
selector knob

3-position rotary
selector knob

2-position toggle
switch
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C. DISPLAYS AND CONTROLS

The primary criteria that were utilized in the display system concept were:

(1) Human engineering principles will be applied to the design of the
various displays.

(2) Only the information the crew needs to perform their assigned tasks
will be displayed.

(3) Information will be displayed to the crew in a form which is compat-
ible with human sensory capabilities.

(4) The various classes of displays, associated with the various cate-

gories of information, will be integrated.

(5) As an aid to display integration, the time-sharing of various displays
will be considered.

(6) The displays will be arranged in functional locations insofar as pos-
sible for each sequential set of tasks.

(7) Sufficient redundant information will be provided to ensure detection
and reliability.

The human control or output parameters were considered in terms of:

(1) Effects of accelerative and weightless stress on skilled control per-
formance

(2) Effects of the pressure suit on skilled control performance

(3) Direct manual backups for automatic or semi-automatic control sys-
tems when appropriate

The piloting and navigation tasks include many operations where flexibility
of subsystem usage is extremely valuable. Accordingly, the display and control

configuration incorporates many features of flexibility. These include the cap-
ability to control equipment and display equipment outputs in several modes,
the ability to switch operational functions from one location to another, the cap-
ability of examining data corresponding to future situations and the ability to
compare data in groups-both in tabular and analogue form.

Many displays on this vehicle have no requirement for continuous readout.
This permits consolidation of the data by printing on paper and since printed
data are required for permanent storage, it is convenient to scan these printed
data with a television camera system. Certain other data may also be presented
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by cathode ray tube display with consequent savings in panel space. In addition,
certain Pilot-Navigator functions may be redundant with cathode ray tube dis-
plays.

The basic categories of displays to be provided to the crew will, in general,
consist of vehicular information, environmental information and scientific

information. Vehicular information refers to information concerning the status
and position of the vehicle itself; environmental information refers to informa-
tion about the external and internal environment of the vehicle and scientific

information refers to data gathered and in some cases transmitted as an inte-
gral part of the mission.

1. Description of Displays and Controls

Two display panels in the command module contain the subpanels that accom-

modate the Apollo requirements for information display and control. Figure 1-
III-8 shows the main instrument panel. Contained within the unitized main panel
are the following subpanels and units:

(1) Major systems status (warning lights)

(2) Vehicle guidance command

(3) Main propulsion

(4) Attitude propulsion

(5) Flap system display

(6) "q" Meter (2)

(7) Pressure altimeter

(8) Pressure altimeter

(9) Standby stability (2)

(10) Flight control display group (2)

(11) Cabin lighting controls

(12) Sequence lights and controls

(13) Landing sequence lights and controls

(14) Automatic stabilization control system

(15) Printer (alpha-numeric) (2)
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(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

Seven-inch scope (2)

10-inch scope (2)

TV camera (2)

Track generator

Scope display controls (2)

Computer control (2)

Astro-inertial platform control

Miniature inertial platform control

Timer and sequence indicator

Slide projector and controls

Communication control

Message command

Environmental warning lights

Radar altimeter control

The secondary panel contains these elements:

(30) Electrical power

(31) Reactant controls

(32) Cabin cooling control

(33) Communication system monitor

(34) Environment display

(35) Corrections data display

A subpanel to the left of the secondary panel contains circuit breakers, and
switches and valves for the environmental system. This subpanel is currently
being considered but has not yet been delineated.

The arrangement of the displays and controls on the two-command module
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p,mels will be described in detail later in this chapter. Each of the principal
subpanels and the associated equipment functions are described.

a. Major systems status (Fig. 1-III-9)

This subpanel contains a series of warning lights which will be arranged
according to priority of system information and also will be coded according
to color. The prime areas will be allocated to the status of those systems
whose malfunction would be critical.

b. Vehicle guidance command (Fig. I-IH-10)

This subpanel contains a grouping of combination light switches identified
with vehicle guidance command. The light switch on the left labeled "Normal
Control", when lit, indicates that guidance functions are under the astronaut's
direct control. At periodic intervals, e.g., one hour, another light identified as
the "Automatic Programmer Alert" light will flicker to show that the switch
over to automatic programmer control will shortly take place. When this
occurs, a vehicle-contained guidance programmer assumes control of such
functions as star tracker operations and computer operational functions..This

condition is indicated by the lighting of an "Auto Programmer Control" light.
When in automatic command, a switching circuit gives ground-based radio
guidance the option of assuming vehicle guidance control, which is indicated by
a fourth light. The astronaut will normally determine the mode of vehicle guid-
ance command he desires by engaging the appropriate switch. If he is phys-

ically disabled, the system will automatically switch first to automatic program-
mer and then possibly to ground control.

c. Main propulsion system display (Fig. 1-III-11)

This subpanel displays the condition of the main propulsion system. The

pressure, temperature and quantity remaining of both the oxygen and the hy-
drogen supplies are shown. Valve pressure, chamber pressure and solenoid

valve temperature indications are also provided. An off, main valve, auxiliary
valve selector knob is provided to activate the system. A red warning light
illuminates if the main valve fails to function. The selector knob can then be

positioned to switch to the auxiliary valve.

d. Attitude propulsion system (Fig. 1-III-12)

This subpanel indicates the condition and functioning of the reaction jet pro-
_,_1_11 system _v_ I.gul_.LUlllll_ b/l_:_ C::_L,I,AbUL_L_:_ _.L t, ll_ yv(:gLIL_.,_L_ • J. ll_:) LA_AII_J_Z;J.C:LL, i_L.L_::;,

pressure and pounds remaining of both the fuel and oxidizer supplies are con-

tinuously displayed. A total on-time counter provides an accumulative digital
readout for remaining total seconds of use.

Two reaction jet valving systems are used to provide redundancy.
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Each system has multiple jets to provide control in the pitch, yaw and roll axes.
The failure of each jet valve (from a total of 16 valves) is displayed with a red

warning light on the panel. Coordinated with each set of system lights is a
toggle switch to permit use of either system. The readiness of each system is
checked by means of ready-arm toggle switch. A green light indicates proper
functioning, while the red light indicates a malfunction within the system.

e. Flap system display (Fig. 1-IH-13)

This display provides information pertaining to the functioning of the hot

gas servo power source and the actuation of the aerodynamic control flaps.
Fuel pressure, fuel quantity remaining and system pressure parameters are
displayed. A three-position selector knob is used to turn on the hot gas sys-
tem for warmup and then switched to "Deploy" to activate the flap system.
Three flap position indicators are provided to indicate successful deployment
and proper functioning. The switch-over from reaction Jet control to flap

system control is accomplished when the flap switch is in the deploy position.

f. "q" Meter (Fig. 1-III-14)

This meter provides information regarding aerodynamic condition which is
needed to allow for plamuing and decision making during re-entry and for abort
decisions during launch. The latter information is needed to about five percent
accuracy and is presented on a single-turn dial immediately left of the flight

control display group.

g. Pressure altimeter (Fig. 1-III-15)

The barometric altimeter is a single-revolution indicator with a range from
sea level to 100,000 feet. The dial face will have reference marks at the drogue
and main chute deployment altitudes. The expected accuracy requirement of
the altimeter is + 1000 feet, and it would not be useful for retrograde rocket
firing prior to impact because of the high accuracies and the split second timing
involved. This altimeter will be useful for:

(1) An accurate indication of pressure altitude during launch and re-entry.

(2) A backup for the altitude-activated sequences; e.g., chute deployment.

(3) A cross check on the altitude readout of the inertial system.

h. Standby stability and angular rate indicator (Fig. 1-III-16)

Prime stability information is combined in one instrument to facilitate con-
trolling the vehicle during emergency or manual operation, and to monitor ve-
hicle performance during automatic operation. Thus angle-of-attack, side-slip
and roll angle, integrated into one display, provide an independent indication of
this information. Thus, ff any emergency situation arises, the display will be
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available to the pilot in a simplified form, minimizing the possibility of inter-
pretation errors.

During space flight, this indicator is used as a set of meter movements and
would be valuable in recovering from tumbling in space flight.

i. Flight control display group (Fig. 1-III-17)

Displays related to vehicle orientation and its relation to basic flight con-
ditions are centrally presented to both pilot and navigator. The flight control
instrumentation display group consists of the following:

(1) Flight director-flight reference indicator

(2) Re-entry vertical axis indicator, i.e., "g", angle of attack, lift/drag.

(3) Temperature situation display

(4) Inertial altitude

(5) Inertial velocity

This instrument group is designed to provide adequate information in all
phases of the mission and to provide a maximum manual re-entry control
capability by means of display centralization and integration.

Flight director-flight reference indicator. This indicator provides infor-
mation for manual vehicle control or for monitoring of automatic information.
An outside-in orientation scheme is used for vehicle orientation for the fol-

lowing reasons:

(1) Multiple reference coordinates are necessary for the Apollo vehicle,
i.e., earth.vertical, nominal trajectory reference plane, propulsion
thrust orientation, reference to celestial bodies and moon and sun
reference.

(2) Attitude information is not always primary and it is certain that a
one-to-one relationship to earth vertical will usually be undesirable.

(3) The astronaut must be related to vehicle behavior rather than to
earth reference.

(4) Human engiaeeringwise, the indicator is believed to have improved
frequency response in the manual mode, few control errors and
better zero "g" orientation.

(5) Several equipment developments have been conducted in this partic-
ular display concept.
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(HughesFDAI andAVRO ASTRA Indicator)

Flight director "command', needles are provided to aid the pilot in manual

modes. Three small axially oriented indicators are provided for displaying
additional information.

Re-entry vertical axis indicator. A tape display system will be used to
present information related to the prime re-entry parameters. This display
provides quantitative indicators for vertical acceleration, "g", flight path angle,

K and lift-to-drag ratio.

Temperature situation display. A tape-type display system is used to depict

the thermal management problem encountered in re-entry. The indicator on
the left presents, in terms of percent of permissible limit (200°F), the tempera-

ture of the internal wall. The center indicator shows, again in terms of per-
cent of the permissible limit (2200°F), the temperature of the metal radiator
wall.

The indicator on the right shows in the lower, center and upper portions,

respectively (1} the amount of thermal protection material (ablator) already
expended (2) the amount of additional ablator material that will be consumed

in the remainder of re-entry flight for the re-entry trajectory being examined
or flown and (3) an index representing total ablator material available at the
start. This indicator is driven by computer-generated data. Inputs to the com-
puter include signals from contact probes embedded in the thermal protective
material which measure thickness, and manual computer control inputs which

permit trial solutions for the thermal protection management problem.

Inertial velocity. A numeric readout of inertial guidance system velocity
will be presented. The latter information is in direct relation to the kinetic

energy of the vehicle. This indicator will also be used for displaying the/% V
error during midcourse corrections or injection. A digital readout is used
since it provides the quickest possible error-free readout of numerical data
known.

Inertial altitude. A numeric readout of inertial altitude will be presented.
This information is related to the potential energy during re-entry. The instru-

ment could also be used to display range-to-earth during orbit.

J. Cabin lighting controls (Fig. 1-III-18)

A cabin lighting control panel is provided to permit selection of all, cabin
only or emergency lighting modes. Variation in brightness from "off" to
"bright" is provided by use of a rotary knob.

k. Sequence lights and controls (Fig. 1-III-19)

Combined launch sequence and warning lights are arranged in chronological
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order from top to bottom for observation and activation by the navigator-pilot.
During normal launch operation each sequencelight illuminates (green) and
remains on during the event. If anoperational event doesnot occur at its nor-
mal time, the sequencelight becomesa red warning light. Immediately upon
observation of a red light the Navigator-Pilot backs up the event manually by
pulling the D ring control. If this manual backup operation successfully causes
the event to occur, the red light is extinguished andthe green light illuminates.
If the manualbackup is not successful, the mission must be aborted. At the
termination of each individual event, the green light is extinguished. The D
rings are spring loaded to return to their original position after activation.

1. Re-entry and landing sequence lights and controls (Fig. 1-III-20)

Six combined landing sequence and warning lights are arranged similarly
to the sequence lights. Re-entry--landing event operation and backup is also
similar to the launch sequence described.

m. Automatic stabilization control system (Fig. 1-III-21)

This system is designed to provide optimum damping of the spacecraft and
to furnish hold and control modes for stabilization and maneuvering. A guarded
power switch on the lower left corner energizes the entire system. The damper
mode may be singularly selected by the two-position toggle switch immediately
above. A rotary selector knob immediately to the right is employed if a con-
stant attitude (Att_ Hold), or the preprogrammed automatic flight plan (Auto) is
desired. A rotary knob to adjust roll angle for the proper re-entry profile, in
accord with the landing pattern, is provided. Small, incremental adjustments

in pitch attitude may be performed by means of the vernier wheel along the
right edge of the panel (pitch adjustment). Along the bottom are a series of

lighted push buttons to select an outer loop mode during the re-entry profile.
These outer loops enable the most critical parameter during a particular por-
tion of the re-entry phase (alpha, "g", lift/drag, temperature.) to be held con-
stant during the period when it would be advantageous.

n. Printer (alpha-numeric)

The printer serves as a means of information exchange with computer
memory and storage. All manual inputs and certain selected equipment para-
meters will be permanently recorded on the printer record proper. The printer
will be controlled from both the scope display control subpanel and from the

computer control panel in conjunction with verification of manual computer in-
puts. The printer will normally be remotely viewed by kinescope Via the four
display tubes available. Provision will be made to review the paper record and
to use the printer directly in case of failure in the television electronics.

o. Seven-inch scopes (Fig. 1-III-22)

The pilot is supplied with a seven-inch kinescope which functions primarily
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as a re-entry andlanding track indicator which hewill use to perform the
landing operation. Secondarily, the pilot's kinescopemay be used to display
the computer data in the event that the navigator is unable to perform his
functions. Last andleast, the pilot may view the ground situation with a slew-
able television camera.

The navigator is also supplied with a seven-inch scopethat will be used
primarily to display the landing track on re-entry. Its secondary usagesare
to provide computer printer readout and to view the ground via the slewable
television camera.

The seven-inch scopes have focus and contrast controls.

p. Ten-inch scopes (Fig. 1-III-23)

A 10-inch cathoderay tube is located directly in front of both the Pilot-
Commander and Navigator- Pilot.

One purpose of the 10-inch scope is to display the output of the computer
via the TV camera andprinter. By manipulating the computer controls in con-
junction with the scopedisplay controls, a large variety of guidanceand tra-
Jectory data, (available either directly from the computer store or by demand
computation) is displayed on the 10-inch tube.

Another function of the 10-inch scope is to display a view of the terrain
below the vehicle, during landing operations, as seen through a TV camera.

During failure situations the capability exists for displaying data normally
presented on the 10-inch scopes on the seven-inch scopes and vice-versa.
Further flexibility of display exists in that the data shown on the two 7- and 10-
inch scopes may be individually selected by the operator, making it possible to
take over functions and aid operations.

The 10-tnch scope controls and their functions are listed.

Control Function

ON-OFF brightness knob Control power to camera

Azimuth knob Control rotation of camera

Elevation knob Control elevation of camera

Electrical focus knob Vidicon target focus

Optical focus knob Vidicon Zoomar lens focus

Focus knob Ten-inch cathode ray tube electrical focus
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The scope system block diagram is shownin Fig. 1-III-24. Because of the
flexibility andduplication of systems, considerable inherent protection from
failure is achieved.

q. Scopedisplay controls (Fig. 1-III-25)

Both the navigator and the pilot have a switching panel that enables them to
control the data displayed on the 7- and 10-inch scopes. The panel contains a
keyboard comprising letter and number keys that can be used to recall coded
printer data for readout. Keys are used to address the appropriate printer and
computer, as well as the landing track generator, and camera.

The scope display system is flexible enough so that in the event of a mal-
function, all data from any source can be presented on any scope.

r. Track generator

The generation of certain of the displays presented on the 7- and 10-inch
scopes requires the availability of a unit that produces specialized deflection

voltages. The track generator is such a unit. It is a transistorized package
about 4 x 5 x 10 inches which is mounted behind the rear of the forward panel
since it does not require viewable surface space. Synchronization and other

data signals are supplied by the computer. Control of the track generator out-
put signals to the respective display units is exercised through the scope dis-
play control subpanels.

s. Computer control panels (Figs. 1-III-26 and 1-III-27)

Two computer control subpanels are provided. One controls computer No. 1,
and the second No. 2 since it is presumed that simultaneous computations are
required.

Navigator's panel. This subpanel contains two thumb wheels which supply a
readout and computer information input to permit the entry of data from the
manual tracker. Similar controls are available for occultation of stars. Point

tracking controls are also provided. A bank of 22 labeled push buttons permit
insertion of preset programs into the computer. Two five-position rotary
knobs control the function according to preset programs when a digital program
code is inserted via the 10 digital keys. The keys may also be used to insert
new digital data manually. "Insert", "verify" and "clear" push buttons are used
in conjunction with the keys. A "power" push button switch turns the computer
on. "Ready-wait", "._tAndhy-nn-llne" And ',+,_,_t,, _+_,_,, _,,_,_,_o n,_,._,+ ....
of either computer from this panel.

Pilot's panel (Fig. 1-III-27). This subpanel contains a keyboard by means
of which various data can be inserted into the computer and the operating modes

of the computer can be selected. The "data address" keys are used to address
computational problems into the computer and the data is inserted via the numeric
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keyboard. Before insertion, the data canbe verified with the "verify" key. If
the correct data appears in the readout window it can be inserted with the "in-
sert" key. If incorrect data appears, the keyboard canbe cleared andthe data
repunched. An illuminated power switch indicates whether the computer is on
or off. A "standby-on line" station light indicates whether the computer is
ready to accept data (on line station} or whether the operator should standby
pendingcompletion of a computation.

t. Astro-inertial platform control {Fig. 1-IH-28)

This panel controls the operation of the platform which consists of a gyro
stable platform anda star tracker. (The star tracker may also be used as a
horizon scanner.} Slewcontrols are provided for the platform star tracker as
well as the platform itself. Synchro repeaters are provided to permit a visual
checkof the platform operation.

Indexedstar andlandmark information is provided by the thumb-wheel roll
chart indices which may be set for a particular star and landmark. Whenthis
information is set on the chart, it may be utilized to activate the tracker by
the switching system. Tracking verification is provided by the combination
push button, signal lamp systems.

Additional controls are provided for the inertial platform which is a part of

this subpanel.

u. Miniature inertial platform control (Fig. 1-III-29)

The align, auto slew and cage and uncage buttons on this subpanel permit
erection and control of the platform. Two manual slew knobs are provided to

permit manual slewing of the platform to the drive position. A three-position
mode select knob permits selection of the automatic or manual modes, or to a
slave "mode which slaves the platform to inputs from the computer.

v. Timer and sequence indicator (Fig. 1-III-30)

Elapsed time indicator. The elapsed time indicator will begin counting
i

during the launch countdown at time zero minus 10 seconds and will continue
for the entire length of the mission. Three digits are needed for hours. (A
14-day orbital mission equals 336 hours.} Total mission hours are recom-
mended rather than day and hour readout, due to lack of day-night orientation
in both orbital and lunar missions. The time of major events can be computed

on the ground and learned in terms of hours much more readily than in terms
of days and hours.

Time to go. The time until occurrence of the next event is set into one of
the three time displays in hours, minutes and seconds. As the time of occur-

rence approaches, the crew member can directly see the number of hours,
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minutes or seconds remaining before the event occurs. A 10- 60-second or

10-minute push button warning buzzer is set to provide a signalbefore the event
occurs. All events are listedon tapes for display in the window. To set the

proper event name in the window, the serrated wheel is thumbed forward or

reversed to display the name of the event.

A timer select switch is provided to permit changing the displayed time in

any of the three displays. Time is adjusted by activating the toggle switch
labeled "increase", which slews the time readout in seconds, minutes and hours

at high speed. Overshoots are reversed by moving the toggle switch to "de-
crease".

Deflection of the toggle switch from center should be linearly related to the

speed of slewing so that a slight deflection will result in a slow slewing change
and a large deflection in a rapid slewing change. Activating the "start" button
for each display causes the readout to count down to zero. During critical
events the duration of the event in minutes and seconds is also displayed as a

time-to-go readout.

Timer. Two stop clock timers are provided. These clocks have two main
uses"

(1) During navigation fixes, the time between fixes should be accurately
recorded. When the location of each fix and the distance between

fixes is known, accurate time data are critical in order to determine

velocity.

(2) During thrust periods, a readout of the duration of the thrust can
serve as a primary information source to indicate accuracy of the
correction, since the amount of thrust X duration = total correction
made. Thus, ff the rocket fires at full force, the duration of the

thrust time is the only control for the total thrust desired.

Two toggle switches are required to select a manual or automatic mode for
start and stop. For use in navigation fixes, the automatic mode is set to start
one switch and to stop the other switch simultaneously. Similarly, when the
rocket fires the timer should start, and when the rocket stops, the timer should

also stop. For manual control, start and stop push buttons are provided. A
reset-to-zero push button is needed for each timer.

w. Slide projector (Fig. 1-IH-31)

Various information items are contained on slides and viewed on a projec-

tion screen of approximately seven by nine inches. The complete assembly can
be mounted on the rear of the screen. A wide-angle screen will be used to
present a clear view to both the navigator and the pilot.
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The slide projector is used for presenting data such as check lists, star
maps, information tables, operating procedures, maintenance procedures, etc.

Being centrallylocated to men and equipment, rapid access to stored infor-

mation is available. A method of coding the select controls to allow rapid in-

formation selectionis a necessary feature.

x. Communication control {Fig. 1-III-32)

This subpanel allows the selection of communication equipment by either

the Pilot-Commander or Navigator-Pilot. Push button selection is provided

with integral lightindicationof which equipment is operating and which is mal-

functioning. Controls are included for space antenna directional control. Con-
trols are also provided for the type of modulation to be used, level of modula-

tion and receiver volume. Tape recorder, intercom, and beacon selector con-

trols are also furnished.

y. Message command (Fig. I-III-33)

This subpanel will be used to obtain various coded messages from the com-

puter storage which are then transmitted to earth through the communication

system. With the four letters and six numbers, using only one letterand no

number for any given message, itis possible to obtain 24 coded messages. It

is feasible to obtain more messages by using additional coding symbols.

z. Environment warning lights (Fig. 1-III-34)

These warning lightswill illuminate (red) whenever any environmental system

malfunctlons. An auditory slgnal to indicate environmental malfunction is also

included. (Controls for environmental systems operations are prov'ded on the

secondary panel,)

aa. TV camera

The output data from the two printers are picked up by two miniature TV
cameras which process the signals for display on the 10-inch, or 7-inch SCOlmS.
These cameras are not a part of the v_ewable surface of the unitized forward

panel. The cameras, however, will be mounted so as to be structurally integral
with the forward panel.

bb. Radar altimeter control {Fig. I-III-35)

Switches are provided on this subpanel for "off", and "standby" c,_ntrol."_s

well as mode select {"earth", "moon", "ready"}. A direct numerical re_dout is

provided to register the altimeter output readings prior to ,.omputer proces,qlng.
Controls for elevation and azimuth of the radar a]tlmeter antf,nnas are :_Iso

included.
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cc. Saturn booster monitor (Fig. 1-III-36)

The monitoring of the Saturn booster during launch involves at least three
separate areas of display:

(1) The light indicators on the system status panel will show the pres-
ence or absence of adequate tank pressures, engine chamber pres-
sures and gimbal system pressure.

(2) The flight reference indicators of the two flight control display groups
will show vehicle attitude and angular acceleration.

(3) The 10-inch scopes will display, in analogue or numerical form, in-
formation describing the thrust direction of each engine of the Saturn
cluster.

dd. Electric power panel (Fig. 1-III-37)

This panel represents the main flow of current in block diagram form. Ro-
tary switches for the three fuel cells are provided. The rotary switch for each
fuel cell has three positions: "off", "on low", "on high". To the right of each
rotary switch is a corresponding ammeter, one for each fuel cell which is a
horizontal type indicator. To the right of each ammeter is a circuit breaker
equipped with a status lamp. Next on the right of the warning lights is the fuel
cell bus, and above the latter is an amber light which illuminates when external
power is being used. The nonessential bus and essential bus for the mission
module and the nonessential bus and essential bus for the command module are
both supplied by the fuel cell bus. All service busses have status indicator

lamps and the nonessential busses may be switched off individually. The recov-
ery bus supplies the essential bus for the command module after separation of
the mission module prior to re-entry. The recovery bus which is supplied by
the recovery power unit and a battery also has a status lamp. The switch for
the battery has three positions: "off", "charge" and "on". To the left of the
switch is a warning light for "overcharge".

On the right side of the same panel is a voltmeter with a seven-position ro-
tary selector switch. The seven positions are: "off", 1, 2, 3, "batt", "command

module (CM)-essential", "mission module (MM)-essential". Below the selector
switch is a two-position toggle switch for "manual" and "automatic" for voltage
regulation.

o_ R_o÷_nt _nntrolq CFi_. 1-III-38_

This panel controls and monitors the status of the three fuel cells. The

fuel flow throughout this panel is represented schematically. At the left of the

panel four meters indicate the quantity and pressure of 09 and H9 in the auxil-
iary tanks. A group of selector switches to the right of tgese me2ers permits
selection of fuel flow from either the main tank or the auxiliaries.
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Another set of switches permits selection of fuel flow manifolds. Hi-flow
warning lamps monitor the manifolds for excessive flow. Fuel proceeds to the
three fuel cells, each of which can be turned on or off individually. Each cell
is monitored by a group of three warning lamps which signal abnormal condi-
tions of hi-flow, over temperature, or low differential pressure.

To the right of these warning lamps appear a group of four meters controlled
by a three-position selector switch. These meters provide measures of temper-

ature and pressures of 0 2, H 2, N 2. By use of the selector switch, these variables

can be read for the three cells. Adjacent to the N 2 gage, a push button combines

a warning light which flashes whenever the N 2 pressure becomes low for any
one of the fuel cells. Turning the meter selector switch will reveal which cell

is low. The push button is then depressed to raise the N 2 pressure and held
until the meter indicates normal pressure again.

At the right of the panel, a horizontal toggle switch permits selection of the
left or right radiators and a three position selector switch permits selection of

the left or right water separators, the mid-position being an 'off' position for
this function.

ff. Cabin cooling (Fig. 1-III-39)

There are two horizontal meter indicators of pressure and temperature.

Under each indicator is a five-position rotary selector knob for checking the
temperature and pressure in various places in the cooling system. On the right
side of the panel are two 2-position toggle switches for the fans. One switch is
for command, and one for recovery.

To the right of the meters a three-position knob control s the command mod-
ule fans during space flight. A toggle switch below this controls power to an

auxiliary "recovery" fan powered by the re-entry power system.

gg. Communication system monitor (Fig. 1-III-40)

This subpanel provides quantitative (metered} information pertaining to the
power output, modulation level of the transmitters and the supply voltage and
gain control for the receivers. There is a rotary selector knob associated with
each of the four meters. The two selector knobs used in conjunction with the
transmitter meters have n_ne positions --230 telemetry band, No. 1 and 2; deep
space, No. 1 and 2; re-entry; S-band beacons, No. 1 and 2; and C-band beacons,
No. 1 and 2. The two selector knobs used with the receiver meters have the

following positions: 230 telemetry, No. 1 and 2; deep space, No. 1 and 2; and
re-entry.

hh. Environment display (Fig. 1-III-41)

The subpanel is divided into three sections relating to the environment of the
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command module, the mission module and space, respectively.

The meters for the command module show CO 2 and O 2 partial pressure,

cabin pressure, temperature, N 2 supply, O 2 supply -- No. 1 and 2, emergency

O 2 and relative humidity. For the mission module, there are vertical meter

indications of CO 2 and O 2 partial pressure and cabin pressure and temperature.

The display also presents radiation rate, total radiation accumulation, solar
flare intensity, class of the solar flare and indications of meteorite impact.

The meteorite impacts display is a cumulative readout counter, while solar
flare intensity is shown by a peak reading vertical meter. The class of flare
is shown by three push button lights which are activated automatically by the
flare. The light is extinguished by pressing the button which returns the peak
reading meter to zero.

ii. Corrections data display (Fig. 1-III-42)

This is a backup display subpanel to provide direct readout of trajectory
correction information. The basic function of the panel is two-fold: to provide
direct access to vehicle computer generated navigation solutions which would be
available even if the forward panel data display equipment failed and to provide
direct readout of earth-communicated navigation solutions.

The following five, 4-digit readouts are displayed: (1) Angle A, (2) Angle B,
(3) Angle C, (4) /_ V, (5) Time.

JJ. Abort control

A double-action abort handle will be mounted on or near the right hand arm
of the pilot's seat. The design and position of the abort control will permit
instantaneous operation even when arm movement is constrained.

2. Control Stick Recommendations

The first technique would involve the conventional two-axis control stick

with rudder pedals. The majority of available literature on the subject supports

this concept. The alternate method utilizes a three-axis control stick. Although
less conventional, the practical advantages of this arrangement are also pre-
sented for consideration.

a. Two-axis stick plus rudder pedals

Placement and design of control stick. Considerations of high g forces and
the necessity of protective restraints for the operator dictate the use of a side-

mounted control stick positioned by the right hand of the pilot. The possible

L
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designs of a side-stick controller are almost limitless; of the numerous designs
investigated, the pencil-stick appears to incorporate more advantages than any
of the others. The principal advantage of the pencil stick is that a minimal de-
cay in performance under high g conditions has been found to develop with this

design as compared to more conventional hand-grip arrangements. One reason
for this is that the actual control stick is extremely simple and light, presenting
almost no dynamic balance problems. Also, the strength-to-weight ratio of the
fingers is quite high, permitting precise control of the small pencil stick under

considerably higher g forces than is possible with an arrangement requiring
movement of the entire arm or forearm. The mechanical output of the pencil

stick would be coupled to potentiometers which would impose negligible loading
on the arrangement.

Placement and design of rudder controls. The rudder controls recommended
are of the full-pedal type with the pivotal axis under the arch of the foot. The

pedals themselves are to be the partially enclosed type, covering the front of
the foot back to the instep. This configuration has yielded optimal results in
centrifuge studies. Placement of the pedals should be under the seat, both to
minimize g effects and to get them out of the way for the major portion of the
mission when they are not in use.

Linearity of controls. A nonlinear displacement of both stick and pedals is
recommended. Experimental results indicate that this principle provides more
positive control than does the pure force concept. Of interest is the fact that
ground simulator studies often indicate the opposite effect; however, when the
same subjects attempt in-flight comparisons between force and displacement
principles, displacement configurations invariably receive more favorable sup-
port. For the Apollo application, the actual physical displacements of the stick

and pedals should be small enough to permit full movement and yet large enough
to reduce the effect of inadvertent control inputs due to buffeting or other effects.
Plus or minus five degrees in the pitch axis and _+ 10 degrees in the roll and yaw
axes are reasonable values for this purpose.

Discussion. The advantages and disadvantages of a two-axis stick with rud-
der pedals are well defined in the literature and involve both physical and psy-
chological considerations. Cross-coupling between the control axes is mini-
mized by this method. Also, since the individual selected to pilot the Apollo

spacecraft will undoubtedly be a trained aircraft pilot, the training period re-
quired will be reduced to some extent. Probably the greatest advantage of this
arrangement, however, will be in the minimization of negative transfer of train-
ing, i.e., the responses required are not in conflict with the earlier training of
an aircraft pilot. On the other hand, the rudder pedals are not amenable to the
same fine control that could be applied to a three-axis pencil stick under high
g conditions, and the added weight and complexity of these additional control
elements would appear to obviate many of the advantages of this arrangement.

Specifications. The specific recommendations for the two-axis stick plus

ER 12008-1



III-75

rudder pedals are enumerated as follows:

(1) The two-axis stick shall be of pencil-stick configuration, controlling
the pitch and roll axes.

(2) The rudder pedals shall be of the differential ankle design, control-

ling the yaw axis.

(3) All control movements of stick and rudder shall be of the nonlinear

displacement-type with a nonlinear force gradient.

(4) The controls shall be electrical with minimum breakout forces and

deadspots, commensurate with satisfactory centering and insensitiv-
ity to inadvertent control inputs.

(5) The stick shall be located on the controller's right side in alignment
with the plane of the right arm and rudder pedals located directly be-
neath the seat to minimize g effects; proper restraints for both arm
and legs shall be employed.

b. Three-axis control stick

The concept of a single control stick incorporating all three axes of control
has received considerable attention in recent years. Basically, such a stick is
identical to a two-axis stick in providing for pitch and roll control by deflection
of the stick in the appropriate directions. In addition, rotation of the stick about
its longitudinal axis provides yaw control.

The majority of the studies done with a three-axis stick have indicated poorer
performance than is possible with a corresponding two-axis stick. However,
these studies employed trained aircraft pilots as subjects and, in view of the

element of negative transfer of training, it is felt that the results are not def-
initive. Since the three-axis stick is logically sound, further exploration is
warranted, preferably with subjects who have not been previously trained with
conventional aircraft controls.

The most serious criticism of the three-axis stick has been the possibility
of cross-coupling effects, (i.e., applications of yaw control reacts upon one of
the other axes and vice versa). Several techniques are available for eliminating
or minimizing this possibility, such as the use of an enabling switch for the yaw
axis, etc. In view of the economics of weight, construction, wiring, etc., to be
achieved through elimination of the rudder pedal assembly, coupled with the
potentially superior control capabilities of the three-axis pencil stick, it is felt
that this type of control should possibly be given serious consideration.

Specification. In general, the specifications applicable to the two-axis stick
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also apply to the three-axis stick, with the exception that the control knob would
be shaped in the form of the command capsule to enhance its utility. The non-
linear displacement of the stick should be similar to the two-axis version, and
rotational limits (for yaw control} should be approximately + 20 °.

Summary. Based on the available data, a two axes electric stick and electric
pedals were chosen. Experimental and simulation studies should be conducted
to determine the eventual adequacy of a three axes stick.

3. Scientific Mission Controls and Displays

The scientific mission of the Apollo system has not yet been clearly defined.
However, as indicated previously, radiation level, solar flares and meteorite
impacts, which are being considered under the environmental system, are of
scientific interest.

When the scientific mission has been clearly delineated the displays and
controls associated with collecting data should allow the operator to-

{1} Rapidly search for areas of interest

(2) Adjust the equipment for intense coverage of a particular signal

(3) Be informed of the suitability of his responses

(4) Be warned as to the existence of unusual signals or activity which

require immediate investigation

Due to space limitations, a necessary area of study involves the time-sharing
of a number of different scientific instruments by the same display system. The

degree of necessary or desirable automation in the collection of scientific in-
formation must also be defined.
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D. FUNCTIONAL OPERATION OF PRIMARY DISPLAY

AND CONTROL EQUIPMENT

The way in which the displays and controls are used is determined by the
mission phase. For illustrative purposes, typical operations in several phases
of a lunar orbit and landing mission have been selected to demonstrate func-
tional use by the astronauts:

(1) Communications operations all mission phases

(2) Course correction operations midcourse

(3) Lunar landing considerations and
control lunar landing

(4) Navigation control re-entry

(5) Landing control landing

These operational sequences are described briefly in the discussions which
follow:

1. Communications Operations

Up to launch time, the cabin occupants will be connected to the ground crew
by the intercom system. In addition, the telemetry systems will be placed in
operation to take over the ground communications function during the boost
period. Receiver 1 and Transmitter 1 will be operational with System 2 in a
standby condition.

The open voice transmission is for emergency communications. Volume
controls are used to set intercom levels and receiver ou_ut levels. The
modulation level is used to set the proper level for the pilot or navigator.

At approximately 1000 miles altitude, the deep space antenna will be erec-
ted and Deep Space 1 Receiver turned on. The navigator will then press the

track button which will drive the antenna to a position determined by the navi-
gator's reading of computer-provided pointing angles. Upon cessation of the
synchro dials (elevation and rotation) motions, he presses the slave button
which transfers control of the antenna to the deep space receiver-antenna self-

tracking system. The navigator will turn the 230-megacycle telemetry system
off at this point to conserve power. Selection of pulse code modulation or pulse

duration modulation may be made to permit optimizing the transmission sys-
tem to the range.

At the point where it is necessary for special data to be transmitted to
earth, the navigator may use the communications coded keyboard for standard
data formats. Normal data transmission is automatic.
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Tape recorder controls are used for recording any or all of the telemetry

transmissions. A play-back control is available for the speech recording sys-
tem.

During the re-entry phase, the telemetry system must be switched back to
the 230-megacycle system by the navigator. In addition, the beacons will be

reactivated and the navigator will turn on the re-entry communications equip-
ment which will function until recovery is completed.

2. Course Correction--Midcourse

The first requirement in the midcourse correction procedure is the deter-
mination of present trajectory of the vehicle with respect to its nominal
t_'ajectory. The difference between the two trajectories is shown on a display

(Fig. 1-IH-43 ) which would be presented on the seven inch scope by use of the
scope display controls.

The top display is an end or cross sectional view of the trajectories. The
central index mark indicates the nominal track, while the dot indicates the
actual position of the vehicle with respect to the nominal track. The concentric
circles are generated from computed data to show:

(1) An inner area (1), such that if the vehicle is here, no correction is
necessary.

(2) A shaded area (2), wherein a correction should be made.

(3) An outer area (3), where a correction is not possible and a mission
abort is called for.

The lower display indicates the position error along the desired path. The
central index indicates the nominal position, while the dot indicates the actual
position of the vehicle. Again, Areas 1, 2 and 3 indicate whether correction
is not necessary, is necessary, or is impossible.

The steps required by operating personnel for a midcourse correction are:

(1) The seven-inch tube display presents the vehicle's position.

(2) The astronaut notes that the vehiclews position lies within the shaded
portions of the displays.

(3) The astronaut refers to appropriate procedures by selecting the
midcourse correction slide and views it on the slide projector.

(4) The computer control panel and scope display controls are used to
call for trajectory error information to be shown on the 10-inch tube
display.
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(5)

(6)

(7)

(8)

(9)

(io)

(11)

(12)

The printer reads out the error information from the navigation
computer.

The television camera scans the print-out and presents the data on
the 10-inch scope.

The navigator selects the best data ff the computer has not previ-
ously selected it.

The error data(/k _ , A_ AV , etc.) is compared with
prestored data to double check if correction is required.

The astronaut enters the error data (including the time of the tra-

jectory information) into the computer control keyboard and requests
a correction computation.

The computer provides for three maneuvers:

Time of correction

/kV

Propulsion direction, in terms
of vehicle attitude.

The TV system presents this information on the 10-inch scope.

The astronaut inserts the Maneuver 1 attitude correction values

( A B, A 0) into the vehicle attitude control system through use of
the computer control panel.

(_3) The astronaut adjusts the timer _.d sequence panel for the correct
time.

(14)

(15)

(16)

(17)

(18)

/k V is inserted through the computer display control panel onto the
inertial velocity readout. A decimal shift is required.

X minutes before firing, attitude indicator flight director pointers
show B and 0.

The vehicle is automatically or manually placed in the correct
atti0.,-de for correction. Flight director pointers become centered
when correct attitude is reached.

X seconds before firing, the trigger on the control stick is armed.

Forewarning lights on the attitude indicator and timer-sequencer
start blinking during last seconds before firing.

- "
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(19) At time zero the astronaut pulls the trigger, which is wired in par-
allel with automatic firing. Normally, automatic firing leads the
astronautTs switch closure by a fraction of a second.

(20) During the firing, the astronaut observes the /'x V error and vehicle
attitude in order to make appropriate corrections. When z_ V error
goes to zero, the trigger is released.

(21) The astronaut returns displays to the normal mode.

(22) The astronaut inserts Maneuver 2 attitude correction values into the
system through the computer control panel.

(23) Steps 13 to 21 are repeated for Maneuver 2.

3. Lunar Landing Considerations

The problem of landing on the moon is similar to the landing on earth (or
re-entry) except for the lack of atmosphere. Thus, moon landing can be
treated as a problem purely in mechanics without aerodynamic considerations.

For this purpose, it is assumed that the vehicle through midcourse maneu-
vers has been brought on a trajectory which impacts the moon at the desired
location. (It is also possible that a parking orbit might be used before landing.)

The requirements of the landing system are: (1) to reduce the vehicle

velocity to zero at impact on the moon surface, (2) to land the vehicle on a
certain spot and (3) to land the vehicle in a certain attitude.

This may be accomplished in various manners and the method to be used
must be determined as a result of a thorough analysis. Some important con-
siderations in this analysis are: amount of fuel used during the descent,
complexity of the control system and possible functions which may be per-
formed by the crew.

The simplest system as far as control is concerned seems to be the use of
three independent rocket systems, one for vertical velocity control, one for
lateral motion and one for attitude control. This does not necessarily result
in the least fuel consumption. Thus, using the same rocket for control of
lateral and vertical motion may give better fuel economy. Lateral control is
in this case obtained by tilting the rocket axis away from the vehicle velocity
vector.

Assuming that the simple arrangement with three independent rocket

systems is used, the requirements of the landing system may be listed in
more detail as follows:
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(1) The attitude control system must keep the retrorocket aligned with
the velocity vector.

(2) The retrorocket must start firing at the correct time such that the
velocity is zero at landing.

(3) The lateral rocket system moves the vehicle sideways such that
landing will take place at a desired spot.

a. Lunar landing control

As the vehicle approaches the moon, the time at which the retrorocket
must be fired is computed to give zero velocity at impact. It is assumed that
the retrorocket burns until impact. In these computations, a constant thrust

level is also assumed. If the rocket thrust level varies and depending on the
size of the variation, it may be necessary to use smaller supplementary
rockets with on-off control to eliminate the error caused by the variation in
the main rocket thrust level.

The attitude of the vehicle is aligned with the velocity vector and held in
this mode until landing.

At the computed time, the retrorocket system is fired.

During the first part of the descent, the lateral rocket system is used to
keep the vehicle on the desired precomputed path.

Later, when the landing spot can be observed in detail, the lateral system
is used to select a proper area for landing. Thus, if closer observation shows

that the vehicle is going to land on a cliff, it is necessary to move to a spot
which is more suitable for the landing.

b. Crew functions

The results of the studies conducted indicate that the best utilization of

man during lunar landing would be in the detection, selection and tracking of
the landing point during the last part of the descent.

It was also found that a man can control the path of the vehicle very closely
and thus he may be used to hold the vehicle on the precomputed nominal tra-
jectory. The experiments utilized a simulation of moon surface appearance
and a landing predictor indication for control. These studies were conducted
at Minneapolis-Honeywell.

In the previously mentioned function of selecting and tracking the landing
point, the function of the man is of great value. In this case, he cannot be
replaced by currently projected equipment.
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Under normal conditions, the functions of the crew would be:

(1) To monitor the automatic control system

(2) To select and track the landing spot.

c. Summary of crew functions necessary for lunar landing

(1) Set command signals into the computer to generate the time at which
the retrorocket must fire in order that the vertical velocity relative
to the moon surface will be zero upon impact.

(2) Enter the computed time into the timer for retro fire.

(3) Enter the landing attitude mode into the attitude control system.

(4) Set the attitude control system in the landing mode (axis of rocket
aligned with velocity vector) and give the command to change attitude.

(5) At the correct time fire, or monitor automatic firing, of the retro-
rocket.

(6) Monitor the automatic control system (error from nominal tra-
jectory, velocity).

(7) Select the landing spot.

(8) Move the vehicle laterally such that landing takes place at the
desired spot.

(9) At landing, shut off the retro rocket.

d. Additional remarks

Although in the landing phase the operator is only monitoring the automatic
system, he must be able to take over the controls in case of malfunction or
failure.

It was mentioned that the operator should select and track the landing spot.

Depending on the system used, it may be necessary to see through the retro-
rocket exhaust flume. Tests indicate that this is possible when certain rocket
fuels are used.

The possibility that the vehicle will land in deep shadows must also be con-
sidered and lighting might be necessary.
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The vehicle sensors must be able to measure altitude very accurately during
the last part of the descent. Some form of laser radar may be used giving ac-
curate results even though the beam goes through the exhaust plane.

The constituency of the surface on which the vehicle lands is not presently
known. It is possible that if the vehicle lands in a "sea" of loose dust some

form of flotation may be necessary to prevent sinking.

After landing, some consideration should be given to the probable high
temperature of the moonVs surface beneath the vehicle that would be caused by
the firing of the retro rockets. Thus, if the crew leaves the vehicle immediate-

ly after landing, this area should be avoided. (Bibliography on page 105/106.)

4. Navigation Control--Re-entry

Preparation for re-entry involves these operations by the Pilot-Commander:

(1} Part of the computer and reference system is switched to earth co-
ordinates.

(2) Landing track pattern is displayed on both seven-inch scopes.

(3) The primary landing site is selected from the information displayed
on the seven-inch scopes and it is determined whether the landing
track and primary landing site is within vehicle maneuvering capa-
bility.

(4) If the primary landing site is not within current capability, an alter-
nate landing site is selected (coordination of others stored in com-
puter).

During re-entry these sequences occur:

(1} The Pilot-Commander and Navigator-Pilot observe the earth
through the 10-inch scopes with the TV camera aimed toward the
ground.

(2) The pilot can select the autopilot mode and instrument parameters

needed to carry the flight path to the selected landing area. (re-
entry is flown manually}.

(3) The pilot switches the 10-inch scope to the critical flight manage-
ment parameters avatiabie for readout in the computer.

(4) The pilot or navigator checks the predicted position based on the
stored information and present conditions.
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(5) The pilot or navigator receives communication from the ground to
check position information.

(6) The pilot's task is to control the vehicle in the current situation and
to attempt to reach the selected landing site.

(7) The pilot observes the flight management information, landing track
pattern and ground monitor track and predicted landing site so

changes can be initiated as soon as possible, when necessary.

(8) The pilot monitors both the 7- and 10-inch scopes as well as temper-
ature, acceleration and other critical re-entry parameters shown in
the flight control display group and manually maintains the appropri-
ate vehicle attitude throughout the re-entry phase.

5. Landing Control

Typical usage of the control and display system equipment during landing
operations follows.

(1) The pilot observes the landing sequence panel and supplies manual

backup as necessary.

(2) When the drogue chute opens at 100,000 feet (or below), the pilot
prepares the instruments and controls for use with the landing chute.

(3) The flight director needles are switched to parachute position indi-
cators.

The control stick i$ switched to scope control.

The TV camera magnification is prepared for ground observation
from 15,000 feet to zero.

The navigator receives information from the ground on available
wind data regarding velocity and direction. (At this point the actual
landing site is known within several miles.)

(4) The pilot controls the parachute flap opening and the vehicle and chute
turning to maneuver the vehicle in the indicated direction.

(5) The sequencing system deploys the main landing chute at lS, 000 feet.

(6) The pilot observes the terrain through the 10-inch scope (input from
TV camera. )
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(7)

(8)

(9)

(i0)

(Ii)

The pilot selects the desired touchdown point based on available
wind information, direction and velocity and presence or absence of
local obstructions. Wind information is supplied to the computer
which provides a predicted impact point. If wind data are not avail-
able, the pilot will estimate his predicted landing area. The pilot
then selects an available target area which is free from obstructions.
Total lateral movement capability must be displayed to the pilot at
the 15,000-foot level. This is a circular pattern with the center of
the circle representing the present location of the vehicle and the

circumferencerepresenting the maximum lateral movement possible.

In a no-wind condition, this circle is displayed around the center of
the scope, proportional in size to the magnification selected. A
touchdown point can be selected anywhere within the circle. Under
wind conditions, the center of the circle will be displaced from the
center of the scope proportional to the average direction and velocity
of the wind from 15,000 feet to zero, which will act upon the vehicle
for the duration of the descent. The area within the circle around

this center then will represent the lateral movement capability of the
vehicle, taking in account the effect of the wind. A touchdown point
can be selected only from within this area.

From the view of the earth on the 10-inch scope, the pilot determines
the potential landing area (points that can be reached from present
vehicle position under the conditions which prevail, i.e., winds etc.)

The pilot turns the vehicle to the proper heading (by means of vehicle
yaw jets) which will ensure the landing of the vehicle in the desired
area.

The pilot maintains the best possible vehicle velocity with relation to
the relative wind by controlling the flap opening and yaw jet thrust.

When approaching the point of impact, the pilot maintains the vehicle
at the attitude which will obtain the slowest lateral velocity at impact.
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E. INSTRUMENTATION

Since the feasibility of the recommendations for an Apollo vehicle are di-

rectly related to ability to build the required equipment, the life science
display-control recommendation has been developed in conjunction with devel-
opment engineers experienced in display equipment design. This type of co-
operation is vital to successfully obtaining early delivery of reliable equipment
suited to the job. The Instruments Design Group has reviewed the recommen-
dation and they are discussed here.

Advanced display techniques utilizing electroluminescent materials, solid-

state switching and microminiaturlzation have potential application of great

.significance in the following areas of Apollo instrumentation:

(1) Status board and warning panels

(2) Numerical readouts

(3) Moving column displays

(4) Meter displays

The foregoing techniques are advocated in the areas listed as a means of
improving reliability, minimizing power consumption and providing future
growth potential.

Electroluminescent material with its inherent attributes of reliability, low

power consumption, multicolor capability and adaptibility of application is log-
ical for Apollo-type display applications. Electroluminescent material bright-
ness and usable life, currently adequate for Apollo application, will measur-
ably,benefit from state-of-the-art improvements within the next two years.

Electroluminescent lamp materials may be segmented and arranged in:

(1) A columnar form for a thermometer-type display

(2) A row form for a meter-type display

(3) An ordered matrix form for digital-type displays or simply as an
area illuminant

Gating of the electroluminescent lamp excitation voltage, depending on ap-
plication, may be through techniques of piezoelectric resonance, ferroelectric
resonance or conventional solid-state switching. The multicolor capability of
electroluminescent phosphors, plus the potential change in chromaticity with
variations in excitation frequency, provides the basis for excellent readability
based on color contrast as well as brightness differentiation.
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I. Microminiaturization

The contemporary state of the art in microminiaturization two years hence
will make feasible the application of completely integrated solid-state circults
directly on a suitable semiconductor substrate. This method of packaging will
make possible component densities of 3000 parts per cubic inch, exclusive of

interconnecting lead wires. Multiple circuits of similar or identical design,
such as encountered in an analog-digital matrix, a digital counter and other
logical matrices, can be built on a single substrate, including the necessary
intraconnections, minimizing the number of input and output lead wires re-

quired and, hence, significantly improving total packaging density.

Higher reliability will result from greater knowledge and control of mate-

rial characteristics and from reduction in the number of connections; package
size and weight reduction will result from smaller components, distributed

parameter components and integrated single crystal circuits.

Minneapolis Honeywell has suggested five different approaches or types of
microminiaturization possibilities:

(1) Type 0--Encapsulated modules fabricated along more or less con-
ventional lines (including welding) from commercially available
miniature components.

(2) Type_____l--Micromodules. Vacuum-deposited thin-film circuit ele-
ments on a mechanically stable base. Transistors are added as
"lumps" or built up by deposition.

(3) Type 2--Integrated solid-state circuits. Circuit is built up by etch-
ing, depositing or diffusing other materials on a semiconductor
basis.

(4) Type 3--Entire circuit is a matrix of deposited material formed by
molecular beams played onto a stable base. Concept includes auto-
matic programming for construction of complex three-dimensional
distributed elements.

(5) Type X--Molecular electronics. This is the approach of tailoring
the molecular structure of materials to perform desired functions,
taking advantage of such unconventional circuit possibilities as are
illustrated by the solid-state MASER as one example.

It is anticipated that Type 2 and potentially Type 3 microminiaturLzation
will be reduced to contemporary practice within the next two years.

2. Solid-State Switching

Solid-state switching techniques associated with logical matrices, elec-
tronic counters, etc,, are currently well developed, reduced to practice and
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are proposed herein. Improvements in techniques and new concepts will un-

doubtedly occur during the next two years and full advantage will be taken of
these anticipated improvements.

The application of solid-state switching techniques to power circuits is jus-
tified and proposed only in those areas where improved reliability or other
technological needs dictate their inclusion. An analysis of local and remote
power load switching frequency and required level of reliability will determine
specific applications. For those applications where such a need is present,
state-of-the-art components, such as the current silicon-controlled rectifier,

are proposed.

3. Status Boards

Utilization of electroluminescent materials in this application could result
in a reduction of power consumption up to 10 to 1 over incandescent lamps in
the same application. This reduced power consumption with its consequently
lowered induced heat load plus the polychromatic capability of electrolumines-
cence makes it a logical c(mtender for Apollo application. Piezoresonant,
ferroresonant, or standard solid-state power gating techniques are possible,
dependent upon specific end requirements.

4. Numerical Readouts

The utilization of electroluminescent lamp segments to generate numerical

data is recommended, based upon reliability, speed of response and low power
consumption. Servoed drum-type counters suffer from slow speed, significant
power consumption and the reliability limitations of mechanical devices. The

disadvantages of servoed counters significantly worsens with an increase in
readout range. Electroluminescent readouts are perferred over gaseous glow-
type readouts on the basis of reliability and readability. A solid-state display
consisting of electroluminescent materials or readout, piezoelectric gating
techniques and microminiaturized logic enabling networks presents the possi-

bility of a reliable readout device of minimum size and weight and requires
relatively little power when compared to contemporary readout techniques.

5. Moving Column DispLays

The replacement of certain servoed vertical tape displays with solid-state
moving light column techniques is feasible using the techniques previously
discussed. Improved reliability, lower power consumption and reduced size
and weight form the basis for the proposed approach. A column of electrolumt-
nescent lamp segments are energized sequentially and accumulatively in an up-
ward direction. The excitation power gating and enabling logic could be ac-
complished by one of the previously discussed techniques (See Fig. l-III-44).
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6. Meter Display

The proposed replacement Of moving coil meters by a solid-state readout is
based upon considerations of improved reliability and future growth inherent
with solid'state devices. Readout is accomplished through utilization of a row
of electroluminescent lamp segments. Electroluminescent materials plus suit-
able power gates and enabling logic suitably packaged utilizing the contempo-
rary techniques of microminiaturization will provide a device of significant
growth potential and improved reliability.

7. In-Mission Repair

It is assumed that some degree of in-mission instrument subsystem failure
will be inevitable. Also assumed is the accessibility and repairability of the
malfunctioning hardware. It is recommended that one goal of the Apollo In-
strumentation system design be the optimization of direct interchangeability of
subsystems and/or components, to minimize required spare parts, against the
potentially undesirable aspects of standardization such as increased cost,
weight and imposed functional limitations. It is proposed that all items that

are repetitively used such as status boards, warning devices, switches, meter
readouts, etc., be directly interchangeable on a component or subassembly
basis.

8. Vertical Tape-Type Display

Vertical tape-type servoed displays will be necessary to fill a direct need
in Apollo applications where extensive mensuration and display range is man-
datory and where an equivalent solid-state display is not practical because of
state-of-the-art limitations.

a. Principle of operation

The closed loop self-balancing bridge is employed to obtain maximum ac-

curacy, capability and flexibility of application. The basic indicator or a
module of a more complex device consists of a reference bridge circuit,

servo-amplifier, servo-motor and tape-drive mechanism and a position feed-
back transducer.

b. Mechanical features

The tape-drive mechanism is significantly simpler and more reliable than
the conventional motor-gear train-capstan drive assemblies.

c. Eccentric drive

The indicator motor and associated speed reduction system are both con-
tained within the tape drive drum of the capstan. Speed reduction ratios of up
to 45,000 to 1 are attainable.
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An eccentric cam on the two-phase servo motor shaft causes the eccentric

gear assembly to mate with the gear teeth at one area on the frame and cap-
stan. The frame internal teeth differ in number from the teeth of the first

mesh of the eccentric assembly.

This results in rotation of the gear assembly by action of the motor cam
shaft. By proper selection of the quantity of teeth for the eccentric gear as-
sembly, the frame and the capstan, a wide range of reduction rates is achiev-
ed.

Accuracy of null balance tape-type displays is dependent on the performance
of the tape position transducer. A transducer which is an integral part of the
tape eliminates the possibility of backlash between the scale index and the
transducer sensing element. Several such transducers have been developed.

d. Tape potentiometer

The tape potentiometer consists of a moving tape with integral potentio-
meter bobbin imbedded in the tape edge. Resistance values ranging from 200
to i000 ohms per inch are typical. This arrangement is particularly suited to
medium-to-long tapes. Conventional multi-turn potentiometers could also be
used in some applications.

e. Linear motion potentiometer

In this instance, the tape carries the collector wiper and the linear potenti-
ometer bobbin is attached to the fixed frame. This construction is optimum for
short tapes carrying the display index past a fixed scale. This is functionally

equivalent to a conventional single-turn potentiometer which may also be em-
ployed.

f. Linear motion synchro tape

This transducer performs the same function as a conventional synchro con-
trol transformer, except that the rotor displacement is linear instead of
rotational. A two-pole wave winding is applied to the tape which passes through

a linear stator consisting of three windings with magnetic axes separated by
distances representing 120 degrees of synchro rotation. The error signal in-
duced in the printed rotor provides the position feedback signal for synchro
actuated devices. Conventional synchro control transformers are also employ-
ed in some applications.

g. Microminiaturization

Reducing microcircuit modules for instrument servo amplifiers and allied
circuits results in a significant reduction in weight and volume while materially
improving reliability.

ER 12008-1



III-91

9. Flight Director-Flight Reference Indicator

A centrally located flight control indicator will be available for guiding the
crew, manual vehicle control or monitoring of automatic operations. This
indicator will present a variety of information. Vehicle attitude will be refer-

enced to several different coordinate references: earth and moon vertical,
orbit trajectory, the propulsion thrust vector precomputed re-entry trajectory,
star and planet orientation. Flight director information will be presented on
vertical and horizontal needles. Three small indicators are available for dis-

playing desired parameters such as angular rates.

The display proposed embodies the principle of a moving symbol with re"
spect to a fixed reference (horizon). The vehicle symbol is servopositioned

and has full 360 degrees of roll freedom with pitch freedom displayed linearly
over the full height of the display. The horizontal and vertical director needles
are servopositioned and range over the total area display. It is proposed that
the director display be nonlinear, having the least angular deviation per unit
displacement at the center of the display and increasing in logarithmetic fashion
to the display extremities. The angular rate indicators may be either contem-
porary galvometers or solid-state meter-type readouts. Choice of readout
will be based upon finalized system requirements, input data form and reli-
ability.

A servopositioned flight reference instrument is recommended in lieu of a
kinescope display for the following reasons:

(1) Display is to be continuously available, precluding the time-sharing
of an existing kinescope system.

(2) Reliability.

(3) Weight, size and power consumption.

(4) Development time and associated costs.

F. PANEL ARRANGEMENT AND CREW STATIONS

The area available for the forward display and control panel and the rear
side panel is limited by the internal size of the vehicle and by structural con-
siderations. To some extent, the usable area is further limited to what the

operator can see and reach .._o,.,,,,_.tho..__',_+,-_,_¢__.._..... imposed by a full _uressure
suit. These limitations on usable panel space have made it necessary to crit-

ically review the need for each display and control. Likewise, the continuing
study of the feasibility of combining displays or controls, has been necessary.
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Spaceandposition on the display panel were allocated on the basis of pri-
ority. Suchcriteria as frequency of use, importance and function were con-
sidered in establishing priority. Wherepossible, related controls and displays
are grouped together to facilitate correlation and comparison of data. The
panel arrangement and layout incorporates element locations intended to avoid
panel duplication wherever feasible, and instruments and controls were selected
to minimize size and weight without functional compromise. Fig. 1-III-45 and

1-HI-46 present the panel layout for the command module display and control

system as currently planned. The main (forward) panel (Fig. 1-III-45) extends
across the full width of the command module and the secondary (rear) panel

(Fig. 1-III-46) is located in the right aft section of the module. It will be noted
that the particular displays reflect the major crew duties of navigation, control

and engineering.

The three duty stations are shown in Fig. 1-1TI-47. The position on the left
side of the main forward panel is that of the Navigator-Pilot, and right is that
of the Pilot-Commander. The Engineer-Scientist's position is to the rear and

slightly to the right of the Pilot-Commander.

The main panel contains the bulk of the necessary displays and controls.
It will be noted that the right and left sections of the panel contain displays and
controls that are essentially redundant. For example, the 7- and 10-inch
scopes, the flight director, computer controls and indications of g, pressure
and standby stability are on both the left and right portions of the panel. The
center section of the panel contains such instruments as the slide projector,
the timer, the communication controls, the automatic stabilization controls,
the controls for the astro-inertial platforms and warning lights indicating
major system status. Thus, the men seated at the latter panel (ordinarily the
Pilot-Commander and the Navigator-Pilot) can view and control not only their
own displays, but those at the center of the panel and to some extent those of
the other man.

The secondary panel contains the instruments and associated controls for

displaying quantitative information pertaining to environment, communications,
reactants, electrical power, cabin cooling and navigation corrections.

The seating and display arrangement described achieves several objectives.
One major advantage is that the redundancy of all vital and essential control
and guidance functions on the forward control panel permit either the Pilot or
the Navigator to assume command responsibility in the performance of any
necessary task. That is, all prime vehicular control tasks can be adequately
conducted by two crew members, with one-man control being feasible. The
capability of achieving vehicle command and control during all mission phases,
from either of two operator positions, is important to mission reliability in
that such capability makes possible the completion of the mission by one
astronaut. In addition, the main control panel concept makes possible task
sharing, equipment and data checking operations and continual cross-checking

operations between stations.
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Another advantage of the present arrangement is the possibility for one man
to monitor not only the display and control information presented on the main

panel, but also that on the secondary (Engineer-Scientist) panel. Ordinarily,
when only one crew member is on duty in the command module, the Navigator-
Pilot position will be occupied. By clockwise rotation in the pivotal seat, it is

feasible to monitor the secondary panel from the latter position. The possibil-
ity for one man to command all display and control information is important for
two reasons--the need for a work rest cycle and the need for one man to collect

scientific data during certain mission phases. For example, during the moon
orbital phase of the mission, it is likely that one man will be sleeping and a
second man will be collecting scientific data in the mission module. (However,
it should be pointed out that during critical phases of the mission, such as
launch or re-entry, all three crew positions will be occupied, and a predeter-
mined division of responsibility will be followed.)

In comparison with the concept of individual control panels for each oper-
ator, the design described improves the utilization of available space.

Go DIVISION OF DUTIES

As indicated previously, the three-man crew is tentatively identified as

Pilot-Commander, Pilot-Navigator and Engineer-Scientist. The duplicity in
vital assignments is intended to reflect flexibility in their capabilities. Al-
though each of these individuals will be specifically selected and trained for his

particular specialty to achieve the desired degree of flexibility; cross-training
between the various job assignments will also be necessary. In some cases, a
certain degree of incompatibility between task assignments may exist, but this
factor will vary considerably with the individuals concerned and is almost im-
possible to analyze in advance of the crew selection.

Based on the requirements of the mission and the display stations, in
general terms the division of duties is as follows. The Navigator-Pilot is
responsible for monitoring primarily the displays necessary for navigation
and secondarily those for vehicle control and system's status. His major
responsibilities are conducting guidance equipment verification checks, per-
forming the midcourse guidance fixes, carrying out the midcourse guidance
corrections, accomplishing re-entry guidance and checking the injection pro-
cesses. The Navigator's tasks take place primarily during the translunar,
lunar and transearth phases of the mission. During the absence of the Pilot-
Commander, or in the event he is incapacitated, the Navigator takes over the
latter's functions and aumuriL_.

Monitoring the displays related to the control and "piloting _' of the vehicle,
and to some extent those for navigation and system's status, is the function of

the Pilot-Commander. The primary function of the pilot is that of managing
mission flight, attitude control in space and aerodynamic control of the vehicle
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during re-entry andlanding. The latter crew member, as commander of the
vehicle, makes the abort decision and exercises the abort procedure. The

piloting functions are required mainly at various intervals during the trans-
lunar, lunar and transearth phases and as indicated during re-entry and landing.

In general, the Engineer-Scientist is responsible for the instruments dis-
playing quantitative information indicating vehicle conditions, subsystem status
and crew environment. His functional duties include management of the envi-

ronmental control system, the electrical tank system and the circuit breaker
panel. The Engineer monitors the functioning of the communication system,
monitors the radiation dosage warning display, and is the backup monitor of the
_tvigation course correction data. In addition, he performs routine subsystem
maintenance and operates the survival and recovery equipment.

One of the other major duties of the Engineer is the operation of the scien-
tific instrumentation and the collection of scientific data. The scientific mis-

sion requires the Engineer's attention primarily during lunar orbit and second-

arfly as the vehicle approaches and leaves the moon. Should an emergency
arise, the Engineer assists with navigation and/or vehicle control.

During certain mission phases, e.g., the lunar orbital phase, there will be
periods of time during which only one man will be in the command module. The
crew member on duty in the latter module will occupy the Navigator-Pilot's
position and will monitor all display and control information.

As implied during the course of this discussion, each crew member will

have a primary task for which he is responsible in addition, he will also be
trained to assume the critical functions of the other two operators.

H. INFORMATION AND COMMUNICATIONS ANALYSIS

The immediate purpose of this communication link analysis is to enable an
evaluation of communication tracks to determine the existence of any possible
communication overloading.

Additionally, to do an adequate analysis of this type, the display and control
information output must be dissected. As a result, a picture is formed of task
delineation which allows rearranging of the displays and/or redistributing of
the tasks where necessary to insure optimum performance. There is also an
added dividend associated with this detailed look at display panels. It facilitates
subsequent communication link analyses of various phases of the Apollo mis-
sion other than those discussed here. It is the primary purpose, then, of this
analysis to insure the compatibility of panel configuration, task performed,
work-rest and communication cycles. The panel design, task analysis and
work-rest cycles were each formulated somewhat independently of the others.
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Thus, the link analysis gives the ability to compare these three efforts, and
from this comparison conclusions can be drawn concerning the effects of each
on the capabilities of man in the operational system.

1. Philosophy of the Link Analysis

Communications will be analyzed in three ways:

(1) between displays and crew members to the extent that this initiates
further communication

(2) between crew members

(3) between the vehicle and the ground.

This discussion will include all of the above communications germane to
mid-course guidance, re-entry and landing, and will show each communication
track via a "link analysis".

These links (Fig. 1-III-49 through 1-_I-66) are somewhat stable, although
subject to change as panel configuration changes. By stable, it is meant that
most changes in displays will not substantially alter communication links. Any
alterations in panel configuration are likely to be changes in discrete displays
and controls with no gross modification of the information displayed, thus not
affecting the communication flow. However, it should be noted that the amount

of redundant information greatly decreases the probability of communication
between members. Apollo display panels were designed so that all critical
displays and controls, other than those located on the Engineer-ScientistTs
panel, are common or redundant to both the Pilot-Commander and Navigator-
Pilot positions.

At this point, it is necessary- to state that the communications discussed
are not in order of importance. Major emphasis is placed on inter-crew
communication with the remaining two types playing a secondary role. The
rationale for listing them in this order is one of sequence. To be more pre-
cise, those communications elicited by crew members will be a direct result
of information output from the displays. Any other communication is assumed
to be incidental to the mtssion.

2. Discussion of Links

a. Delineation of _"*'_IALL t,J._ _

The link analysis performed for this report was done under the assumption
that all three members will be on duty, or available for duty, during critical
mission phases (launch, midcourse correction and re-entry-landing). This
was done to evaluate the necessity of all three members being on duty at these
given times.
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The link analysis, suggests that only two operators are essential for per-
formance of the tasks involved in mid-course guidance. The Navigator-Pilot
must be on duty for the star, earth and moon tracking tasks. The subsequent
correction can also be performed from this position. The entire mid-course
guidance preparation and correction will take roughly two hours. Although he
is not overloaded, this operator must perform a great many sequences in con-
junction with the final correction. Implicit in this gross phase are several
decisions involving attitude change, initial and final times for correction, nom-
inal paths for correction, not to mention a great many star, earth and moon
fixes. Involved in the latter may be the handling of as many as 40 to 50 sets of
data for calculation and analysis.

It is then suggested that the old adage, "two heads are better than one" may
be apropos. It is believed that the Pilot-Commander should be on duty during
this critical phase. It is further suggested that a checkout procedure be for-
realized to serve as a controlling factor for the elimination of any possible
errors.

Consider that each set of data is verbalized aloud by the Navigator-Pilot

as he analyzes it. The Pilot-Commander then serves as a checkout observer.
Because of the importance of the mid-course correction, it is essential that

errors are controlled as much as is feasible and possible.

This designation of duties does not impede the work-rest cycles as much as
it might initially appear. Following eacb mid-course correction there is a
period of relative relaxation. Likewise, following each period of sleep there
is a two hour "on duty" period with no actual functions performed. Any loss of
sleep during the mid-course guidance could be compensated for during the sub-
sequent two hours of "on duty". Thus, the decision to keep three operators
on duty during this phase is emphatically supported by the link analysis.

b. Communication links

The major source of normal communication is involved in system checks
performed prior to and during the mid-course guidance and prior to and during
re-entry; the latter being more prominent. The Engineer-Scientist's station
is, consequently, occupied for the purpose of monitoring the system status
displays during the operation of these phases.

Communication with the ground occurs only at infrequent times and does
not appear to interfere with the normal sequence of events in any way.

It becomes evident from the link analysis that there is very little com-
munication essential to the normal functioning of the phases reported. Most
communication is conducted when a malfunction occurs. This is partially due
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to the redundancy of information. Thus, when an unusual signal appears, it
may be reported or pointed outto other crew members. Otherwise, as stated
previously, the fact that the front display panel information is either redundant
or common to both the Pilot-Commander and Navigator-Pilot, reduces the
amount of essential communication.

From the link analysis performed, it appears that with some minor alter-
ations the communication flow and tasks to be performed are compatible with

current panel configurations and work-rest cycles.
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SUMMARY

The purpose of this discussion is three-fold:

(1) To evaluate the compatibility between tasks performed, displays and
work-rest cycles.

(2) To evaluate communication tracks

(3) To evaluate display and control panel configurations.

Communication and information links were analyzed during mid-course
guidance, re-entry and landing. Three types of communication are delineated:

(1) From displays

(2) Between operators

(3) With ground.

There is very little essential communication during the normal course of
events in the three mission phases analyzed. Most communications will take
place only during special situations such as system malfunctions.

In accordance with communication links, the panel configurations and tasks
to be performed appear to be compatible. On the succeeding pages are pre-
sented the communication link both verbally and diagrammatically. Figure
1-HI-48 presents the index used for the diagrammed communication analysis.
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.

1F

2.

2F

MID-COURSE GUIDANCE COMMUNICATION LINKS

Request attitude data from computer.

Computer displays attitude data.

Vehicle is aligned with star reference.

Alignment is displayed by three axes indicator.

2. IF Engineer-Scientist monitors fuel.

3. If fuel is critically low, this information is communicated.

4. Automatic star search acquisition routine is turned on.

5. Manual star tracker is sighted toward star no. 1.

5F Feedback is from star and crosshairs.

6. Angular data is entered into computer store.

At this point sequences no. 5, no. 5F and no. 6 are repeated for stars no. 2
and no. 3.

.

7F

8.

8F

9.

I0.

Ii.

1IF

12.

12F

12.1

13.

Alignment of miniature platform is activated.

Activation is monitored.

Computer is activated to display automatic and manual tracker readings.

These are displayed simultaneously.

The tracker readings are monitored and compared.

Some communication may take place.

Attitude data is requested for earth tracking from the computer.

The attitude data is displayed.

,,_L_^I^ align-,1 ___ three axes

Alignment is displayed on three axes indicator.

Engineer-Scientist monitors fuel.

Manual Tracker is sighted toward earth reference.
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13F Feedback from reference point and crosshairs.

14. Angular data is entered into computer store.

At this point, sequences 13, 13F, and 14 are repeated 10-20 times.

15. Computer is activated to display automatic and manual readings.

15F These are displayed simultaneously.

16. These readings are monitored and displayed.

17, Some communications may take place.

This same sequence is performed for moon track with 10-20 repetitions.

18. Request is made for two sets of data from the ground.

18F These are displayed.

19. Based on four sets of data, computer is programmed to determine tra-

Jectory errors.

19F These are displayed.

20, There may be some communication on the comparison of readings.

21. The operator has many possible weightings from which to choose.
There may be communication on what these should be. He chooses the
best of these weightings and compares them with predetermined uncer-
tainty limits. If the data exceeds these limits, a correction must be
made.

22. A decision is made on time for initial correction. This may Involve
some communication.

23. The operator enters the error data, including the time of trajectory in-
formation, into the computer and requests a correction computation.

23F Displayed are: Time of final correction, V and propulsion direction in
terms of vehicle attitude.

24. Computer readouts are communicated to the Engtneer-Scienttst for com-
parison with the correction control panel.

25. The resulting parameters are communicated to the ground.

26. The ground communicates confirmations.
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27.

31F

32.

33.

34.

35.

35F

36.

36F

37.

38.

39.

40.

41.

42.

43.

The fuel remaining is compared with that required for the correction.
Thrust "on" time is checked.

There may be some communication concerning this.

The operator inserts Maneuver no. 1 attitude correction values (B) into
the vehicle attitude control system through use of the computer control
panel.

Timer and sequence panel are adjusted for the correct time.

V is inserted through the computer display control panel onto the in-

ertial velocity read-out. A decimal shift is required.

This is displayed.

Propulsion and guidance subsystems are monitored.

There is a check-out procedure performed.

Crew stations are prepared for correction via communication.

Attitude is corrected as required.

Feedback via three axes indicator and correction control panel.

A delayed feedback is initiated when the forewarning lights on the atti-
tude indicator and timer-sequence start blinking during last seconds be-
fore firing.

Vehicle attitude is held constant.

Monitored on three axes indicator and correction control panel.

Engineer-Scientist monitors "time of burning".

Engineer-Scientist monitors pressure tank pressure.

Engineer-Scientist monitors pressure tank temperature.

Engineer-Scientist monitors propellant tank pressure.

Any unusual readings are communicated.

The operator returns the displays to the normal mode.

As a checkout, a new trajectory is confirmed via repetition of correction
procedure.
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le

o

3.

1

5.

6.

7.

.

8F

9.

9F

10.

11.

12.

12F

13.

14.

14F

18.

15F

16.

RE-ENTRY COMMUNICATION LINKS

At some predetermined time, the re-entry and landing CRT'S are turned
on. Unessential equipment is removed from the command module to the
mission module and vise-versa.

A switch is made from molecular sieve filter to LiOH Filter.

The crew members are told to don pressure suits and subsequently that

they are in a pressure suit atmosphere.

Crew is told to close and seal door to mission module.

Engineer-Scientist monitors for any pressure leaks,

Landing track pattern is displayed.

A decision is made as to whether or not the primary landing site is with-
in current capabilities. Some communication may ensue.

Vehicle is aligned to initial re-entry attitude.

Feedback from three axes indicator.

Modules are detached.

This is monitored.

Here may ensue some communication.

Pilot selects autopflot mode and necessary instrument parameters.

Critical flight management parameters are selected.

These are displayed.

The predicted position is checked against present conditions. Here some
communication may be involved.

Aerodynamic surfaces are extended.

There is feedback via displays.

Attitude is controlled for the final time by the rockets.

Feedback via three axes indicator.

Attitude rockets are turned off.
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16F

17.

18.

19.

19F

20.

21.

This is monitored.

Here there is communication from the ground to check position informa-
tion,

There is possible on-board communication following this.

The re-entry flight path is controlled.

Feedback via three axes indicator and re-entry CRT.

Pilot monitors flight control display.

There may be communication if a malfunction should occur.

LANDING COMMUNICATION LINKS

1. Pilot observes landing sequence.

2. Release of drogue chute is monitored through window. If the automatic

system does not function, manual over-ride must be used.

2F Feedback.

3. There is possibly some communication.

4. Pilot-Commander prepares instruments and controls for use with main
chute. This involves:

(a) The flight director needles are switched to parachute position
indicators.

(b) The control stick is switched to scope control.

(c) The TV camera magnification is prepared for ground observa-
tion.

5. The altitude pressure is monitored.

6. if this is crimea!, some communication will take place.

7. The re-entry CRT is turned off.

7F Feedback.

8. Engineer-Scientist constantly monitors the system status.
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So

10.

11.

1IF

12.

12F

13.

13F

14.

15.

16.

16F

17.

17F

18.

18F

19.

20.

20F

21.

In the event of a malfunction, there will be communication.

Available wind data is communicated to the navigator from the ground.

Theautomatic release of the main chute is monitored as in the drogue
chute.

There is feedback.

The Pilot-Commander controls the parachute flap opening and vehicle
and chute turning in order to orient the vehicle in the indicated direction.

There is feedback from the scopes.

The main chute rotation is controlled by the two axes stick and electric
yaw pedals.

Feedback from the three axes indicator and landing display.

Altitude pressure is monitored.

With available indications of ground conditions, the Pilot-Commander
selects a touchdown point. This may involve some communication.

Vehicle is turned to the proper heading via the yaw Jets.

Feedback via the 7- and lO-inch scopes displaying landing information.

Pilot-Commander maintains the best possible vehicle velocity with re-
lation to the relative wind by controlling the flap opening and yaw Jet
thrust.

Feedback.

Pilot-Commander maintains the vehicle at the attitude which will obtain

the slowest lateral velocity at impact via the two axes control and elec-
tric yaw pedals.

Feedback from the three axes indicator and landing display.

Line is released automatically. The extension of the line is monitored.

The retro rockets fire automatically when the line touches ground.

Feedback.

There may be some communication concerning altitude pressure and
and subsystem status. There will be communication preparing the crew
for touchdown.
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